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(54) Layout of node-link structure in space with negative curvature 



(57) Layout data indicate positions in a negatively 
curved layout space for nodes in a hierarchical branch 
of a node-link structure. The layout data indicate a parent 
position for parent nodes and, for children that share a 
parent node, child positions approxinnately along a circle 
in the layout space with the parent position approxinnate- 
ly at the circle's center Adjacent child positions are sep- 
arated by approxinnately a base spacing. The radii of cir- 
cles within the branch together approxinnate a function 
that increases slowly with number of child nodes such 
that the radii and spacings along circles are all approxi- 
mately uniform within the branch. The layout data can 
be obtained (60) from data defining the node-link struc- 
ture. The layout data can be used to perform mappings 
(64), each obtaining positions for a subset of the nodes. 
The layout data can be used to present (122: Fig.4) a 
first representation of the node-link structure on a dis- 
play. In response to a user signal indicating (124: Fig. 4) 
a change from a first display position near a first feature 
to a second display position, a second representation 
can be presented (126: Fig 4) that is perceptible as a 
changed continuation of the first. The second represen- 
tation includes, near the second display position, a sec- 
ond feature representing the same part of the node-link 
structure as the first feature. The second representation 
can be obtained by a transformation of the layout space, 
which can be a discrete approximation of a hyperbolic 
plane. 
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Description 

The present invention relates to data processing, 
and more particularly to layout of node-link structures. 

Fairchitd, K M.. Poltrock, S.E., and Furnas, G.W., 
"SemNet: Three-Dinnensional Graphic Representations 
of Large Knowledge Bases/' in Guindon. R., Ed.= Cog- 
nitive Science and its Application for Human Computer 
Interaction, Lawrence Eribaum, Hillsdale, N.J., 1988, 
pp. 201-233, describe SemNet, a three-dimensional 
graphical interface. 

As shown and described in relation to Fig. 1-1. 
SemNet represents a knowledge base as a directed 
graph in a three-dimensional space, with elements of 
knowledge represented as labeled rectangles connect- 
ed by lines or arcs. 

One aspect of the invention alleviates a basic prob- 
lem in layout of node-link structures. The information in 
a node-link structure tends to grow exponentially as one 
traverses the structure. For example, if the node-link 
structure is a tree or other hierarchical structure with a 
root node and levels of nodes below the root, the number 
of nodes, and therefore the amount of information in the 
tree, tends to increase exponentially as one goes from 
the root through the levels below the root. For some ap- 
plications, such as displaying a representation of a 
node-link structure, it is useful to lay out the node-link 
structure in a space so that each node has a unique po- 
sition spaced well apart from other nodes. Exponential 
growth makes it difficult to lay out a node-link structure 
in a space. 

Some conventional techniques lay out a node-link 
structure in a two-, three-, or other n-dimensional Eucli- 
dean space. For example, the technique of Fairchild et 
al. described above, positions nodes in a three-dimen- 
sional space, in part because arcs would intersect if 
nodes were positioned in a plane. Robertson et al., in 
US-A 5,295.243, describe techniques in which a hierar- 
chical structure with rotating substructures is positioned 
in three-dimensional space. 

Layout in Euclidean space can, for example, begin 
at a root node and traverse the structure, positioning 
each node in space. A layout in Euclidean space tends 
to include large variations in density because of expo- 
nential growth. Nodes in branches tend to be much dens- 
er than nodes nearer the root. Large variations in density 
cause problems in using the layout because a user of a 
browser based on such a layout has difficulty under- 
standing relationships between nodes in regions of dif- 
ferent densities. 

The techniques of the invention are based on the 
discovery that a node-link structure with exponentially 
growing branches can be laid out without large variations 
in density in a space with negative curvature. A space 
has negative curvature if parallel lines diverge. Exam- 
ples include n-dimensional hyperbolic spaces, with a 
two-dimensional hyperbolic space being referred to as a 
"hyperbolic plane." In a hyperbolic plane, for example, a 



circle's area is proportional to an exponential function of 
its radius, making it easy to obtain a uniform layout for a 
node-link structure that has exponentially growing 
branches. A layout space with negative curvature is re- 

5 ferred to as a "discrete approximation" to a hyperbolic 
plane or other continuous space with negative curvature 
if positions in the layout space are only specified with 
limited precision, so that every position in the layout 
space maps to a position in the hyperbolic plane or other 

10 continuous space with negative curvature but not vice 
versa. 

Each of the techniques uses layout data indicating 
positions of parts of a node-link structure in a layout 
space with negative curvature. The layout data can, for 

15 example, include coordinates indicating positions in the 
layout space. The layout data indicate positions in the 
layout space for each of a set of nodes that form a 
branch. For each of a set of parent nodes, lower level 
nodes that share the parent node lie approximately along 

20 a circle in the space or along an arc of the circle, while 
the parent node is positioned approximately at the center 
of the circle. As used herein, the term "along a circle" 
includes an arrangement along an arc of the circle. The 
positions of adjacent lower level nodes along each circle 

25 are separated by approximately a base spacing. The ra- 
dii of the circles for all the parent nodes in the set together 
approximate a radial spacing function that increases 
slowly with number of lower level nodes such that the 
radii and the spacings between adjacent lower level 

30 nodes along circles are all approximately uniform within 
the branch. 

An approximately uniform layout of a branch can be 
very useful. For example, in displaying representations 
of a node-link structure that includes the branch, further 

35 layout is unnecessary-representations can be obtained 
by performing rigid transformations on the layout space 
to obtain transformed position data and by mapping from 
the transformed positions to a planar Euclidean region 
that can be presented on a display, such as a circular, 

40 disk-shaped region or any other appropriately shaped re- 
gion. 

The layout space can be a discrete approximation 
of a hyperbolic plane, for example, and the layout data 
can indicate, for each node, two coordinates that togeth- 
45 er indicate a position in the hyperbolic plane. The 
node-link structure can be an acyclic graph such as a 
tree. 

One aspect of the invention relates to the display of 
representations of a node-link structure. In one tech- 

50 nique, the layout data can be used to present a first rep- 
resentation of the node-link structure on a display. In re- 
sponse to a signal from a user indicating a change from 
a first display position to a second display position, the 
technique then presents a second representation that is 

55 perceptible as a moved continuation of the first repre- 
sentation. The first representation includes a first feature 
near the first display position, representing a first part of 
the node-link structure, and the second representation 
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includes a second feature representing the first part, but 
near the second display position. 

More particularly, the present invention provides a 
method according to claim 1 of the appended claims. 

Preferably, the layout data indicate, for each of the 
set of nodes, first and second coordinates; the first and 
second coordinates together indicating a position in the 
hyperbolic plane. Preferably, each of the first and second 
coordinates is between zero and one: the act of operat- 
ing the processor to use the layout data to present a first 
representation of the node-link structure comprising: us- 
ing the layout data to obtain mapped data that indicate, 
for each of a subset of the set of nodes, the first and sec- 
ond coordinates indicated for the node by the layout da- 
ta; the first coordinate indicating position along a first axis 
within a planar unit disk and the second coordinate indi- 
cating position along a second axis within the planar unit 
disk, the second axis being perpendicular to the first axis. 

Preferably, the node-link structure is an acyclic 
graph, and more preferably a tree. Preferably, the branch 
is an exponentially growing branch. 

Preferably, the act of using the layout data to present 
a first representation of the node-link structure compris- 
es: using the layout data to obtain mapped data indicat- 
ing positions in a region of the display for a subset of the 
nodes: and using the mapped data to provide first rep- 
resentation data to the display, the first representation 
data causing presentation of the first representation in 
the region of the display: the first representation includ- 
ing, for each node in the subset, a node feature repre- 
senting the node. Preferably the act of using the layout 
data to obtain mapped data comprises performing pro- 
jective mapping to a planar unit disk, or performing con- 
formal mapping to a planar unit disk. Preferably, the lay- 
out data indicate, for each of the mapping's subset of 
nodes, first and second coordinates: the first and second 
coordinates together indicating a position in the space 
with negative curvature: each of the first and second co- 
ordinates being between zero and one: the act of using 
the layout data to obtain mapped data comprising: ob- 
taining mapped data that indicate, for each of the subset 
of nodes, the first and second coordinates indicated for 
the node by the layout data: the first coordinate indicating 
position along a first axis within the planar unit disk and 
the second coordinate Indicating position along a second 
axis within the planar unit disk, the second axis being 
perpendicular to the first axis. 

Preferably, the region of the display has a perimeter: 
the act of using the layout data to obtain mapped data 
comprising, for one of the nodes that is a child node of 
one of the parent nodes and that has descendant nodes: 
using the layout data to map the parent node's position 
in the layout space to a first display position in the region 
of the display: using the layout data to map the child 
node's position in the layout space to a second display 
position in the region of the display: and if the second 
display position is within a minimum spacing from the pe- 
rimeter of the region and, from the relation between the 



first and second display positions, it is unlikely that any 
of the descendant nodes are further than the minimum 
spacing from the perimeter, excluding the child node and 
its descendant nodes from the subset of nodes. Prefer- 

5 ably, the region of the display Is circular. 

The act of presenting the first representation may 
comprise: obtaining first transformation data indicating a 
first rigid transformation of the layout space that moves 
the positions indicated by the layout data to first trans- 

10 formed positions; and using the first transformation data 
to obtain first transformed position data: the first trans- 
formed position data indicating transformed positions in 
the layout space for parts of the node?link structure, the 
transformed positions having a relation to the positions 

15 indicated by the layout data equivalent to the first rigid 
transformation; the first transformed position data indi- 
cating a position for the first part of the node-link structure 
such that a feature representing the first part would be 
presented near the first display position: the act of pre- 

20 senting a second representation comprising: obtaining 
second transformation data indicating a second rigid 
transformation of the layout space that would move a first 
transformed position that maps to the first display posi- 
tion to a second transformed position that maps to the 

25 second display position: and using the second transfor- 
mation data to obtain second transformed position data: 
the second transformed position data indicating trans- 
formed positions in the layout space for parts of the 
node?!ink structure, the transformed positions having a 

30 relation to the positions indicated by the first transformed 
position data equivalent to the second rigid transforma- 
tion: the second transformed position data indicating a 
position for the first part of the node-link structure such 
that a feature representing the first part would be pre- 

35 sented near the second display position. Preferably, the 
second transformation data Indicate a second rigid trans- 
formation that preserves in the second representation an 
orientation of features in the first representation that rep- 
resent parts of the node-link structure. Preferably the 

-^0 first part is a parent node with at least one child node that 
is related to the parent node through one link: the first 
transformed position data indicating positions for the par- 
ent node and for its child nodes so that the child nodes 
together have a first orientation with respect to the parent 

■*5 node: the second transformation data indicating a sec- 
ond rigid transformation: the second transformed posi- 
tion data indicating positions for the parent node and for 
its child nodes so that the child nodes' positions together 
have a second orientation with respect to the second par- 

50 ent node's position: the first and second orientations be- 
ing approximately equal. Preferably the node-link struc- 
ture IS a tree with a root node; the first part being the root 
node 

Pfclor^^biy !he first and second representations 
S5 t.v-icn inciucio i 'ogion of greater spacings in which node 
?o j'tur os t^.iv-: '^o^rest node spacings that are in general 
po":ou>^ciy :: ■:.i!or than in other regions: the first repre- 
sont.-iiion ittc;..dtng in its region of greater spacings a first 
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parent node with at least one child node that is related 
to the first parent node through one link: the first trans- 
formed data indicating transformed positions for the first 
parent node and for its child nodes so that the child nodes 
together have a first orientation with respect to the first 
parent node in the first representation: the second rep- 
resentation including in its region of greater spacings a 
second parent node with at least one child node that is 
related to the second parent node through one link: the 
second transformation data indicating a second rigid 
transformation such that the second transformed posi- 
tion data indicate positions for the second parent node 
and for its child nodes so that the child nodes together 
have a second orientation with respect to the second par- 
ent node in the second representation: the first and sec- 
ond orientations being approximately equal. 

The method may further comprise a series of itera- 
tions in response to the signal; each iteration comprising: 
presenting an intermediate representation of the 
node-link structure: the intermediate representation in- 
cluding features representing parts of the node-link 
structure, the features including an intermediate first part 
feature representing the first part; the intermediate first 
part feature having a position between the first display 
position and the second display position: the iterations 
being performed such that the intermediate first part fea- 
tures in the intermediate representations and the second 
feature in the second representation are all perceptible 
as moved continuations of the first feature in the first rep- 
resentation. 

Preferably, the first part is a node. 

The first representation can be presented by using 
the layout data to obtain mapped data. The mapped data 
can indicate positions in a region of the display for a sub- 
set of the nodes in which the first representation is pre- 
sented, and the first representation includes a node fea- 
ture for each node in the subset. If a node maps to a 
position that is within a minimum spacing from the dis- 
play region's perimeter and there is no chance the node 
has descendants further from the perimeter than the min- 
imum spacing, the node and its descendants can be ex- 
cluded from the subset for which node features are pre- 
sented. 

The mapped data can be obtained by mapping to a 
circular display region such as a planar unit disk: for ex- 
ample. Either of two canonical mappings can be per- 
formed from the hyperbolic plane to a planar unit 
disk-the projective mapping, or Klein model, in which 
lines in the hyperbolic plane are taken to lines in the unit 
disk but angles are distorted, and the conformal map- 
ping, or Poincare model, in which angles are preserved 
but lines in the hyperbolic plane are distorted into arcs 
on the unit disk. If the Poincare model is also used as 
the representation of points in the hyperbolic plane, then 
the Poincare mapping to the unit disk is the identity op- 
eration on the representation, so that a pair of values in- 
dicating a position in the hyperbolic plane can be used 
directly as coordinates along orthogonal axes in the unit 



disk. 

The second representation can be presented by ob- 
taining transformation data indicating a rigid transforma- 
tion of the layout space and then using the transforma- 

5 tion data to obtain transformed position data. The rigid 
transformation would move a first layout position that 
maps to the first display position to a second layout po- 
sition that maps to the second display position. There- 
fore, the transformed position data indicate a position for 

10 the first part of the node-link structure such that a feature 
representing the first part would be presented near the 
second display position. 

A rigid transformation can be found that preserves 
or establishes the orientation of certain features after 

'5 mapping. In one variation, the rigid transformation pre- 
serves the orientation of children of some node with re- 
spect to that node; the parent node can, for example, be 
the root node. In another the rigid transformation estab- 
lishes parent-child orientation in a region of greater spac- 

20 ings in the representations. 

To preserve a perception of continuity, the technique 
can also present intermediate representations. The in- 
termediate representations can include intermediate first 
part features which, together with the second feature in 

2S the second representation, are all perceptible as moved 
continuations of the first feature in the first representa- 
tion. 

Another aspect of the invention provides techniques 
for obtaining layout data as described above.. One tech- 
no nique uses node-link data defining a node-link structure 
to obtain layout data as described above. The technique 
then uses the layout data to perform two or more different 
mappings. The mapped data obtained by each mapping 
indicate positions for a subset of the set of nodes. The 
35 positions can. for example, be display positions or posi- 
tions in another appropriate space. 

Layout data can be obtained by first obtaining, for a 
parent node, a parent position and a parent wedge in the 
layout space: the parent wedge has a vertex at the parent 
40 position and is a part of the layout space between two 
rays extending from the vertex. Then parent node data 
indicating the parent position and the parent wedge can 
be used to obtain child node data for each of the child 
nodes of the parent node. A child node's data can indi- 
es cate a child position approximately along an arc within 
the parent wedge, and a child wedge with a vertex at the 
child position and extending between rays from the ver- 
tex. Each child wedge is contained inside the parent 
wedge and does not overlap any other child wedge. 
so While the children of a root node can be spread over any 
arc up to 360^ the children of parent nodes below the 
root node musl be spread over arcs smaller than 360'*. 

In one implementation, the rays of each child wedge 
diverge Itorri o vertex at approximately the same angle 
55 ■t->o i-iys :* :-'o parent wedge: in this case, adjacent 
;:. d oosfi-r: -, r^n be equally separated along the arc 
::y i:.-i-o .i:.ictng. In another, the rays meet at angles 
ih.ii depend Z'l iiow large an angle the descendants of 
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each child node would occupy were the descendant 
nodes of all children uniformly spaced. 

Yet another aspect of the invention is based on the 
recognition of a problem that arises in implementing the 
technique of obtaining transformation data as described 
above when the layout data indicate positions in a dis- 
crete approximation of a hyperbolic plane. If the trans- 
formation is a pure translation, a problem with rotation 
arises. Translation performed with respect to a line in a 
hyperbolic plane rotates points not on the line with re- 
spect to a point on the line, which can be counterintuitive. 
Furthermore, a series of translations that form a closed 
loop, each preserving orientation along its line of trans- 
lation, also causes a counterintuitive rotation. 

This aspect of the invention provides techniques for 
alleviating the rotation problem. Each technique pro- 
vides a transformation that includes a rotation compo- 
nent. One technique rotates so that children nodes in a 
region of greater spacings are presented in a canonical 
orientation, such as always to the right of their parent 
node. Another technique rotates to preserve orientation 
of a root node of the node-link structure. 

The above techniques can be implemented in a ma- 
chine with memory storing program data indicating in- 
structions the machine's processor executes. More par- 
ticularly, the invention further provides a machine ac- 
cording to claim 4 or 8 of the appended claims. 

The above techniques can also be implemented in 
an article of manufacture for use in a machine. The article 
of manufacture can include a storage medium and data 
stored by the storage medium. The stored data can in- 
clude data units positioned on the storage medium so 
that a storage medium access device can access the 
data units and provide the data units to the machine's 
processor in a sequence. The sequence of data units in- 
dicates instructions the processor executes. More par- 
ticularly, the invention further provides an article of man- 
ufacture, according to claim 5 or 9 of the appended 
claims. 

The above techniques can also be implemented in 
a method that operates a first machine to transfer instruc- 
tion data indicating such instructions over a network to 
a second machine with a processor that executes the 
instructions. 

For example, a machine's processor can use layout 
data indicating positions in a layout space with negative 
curvature as described above to provide first represen- 
tation data to cause a display to present a first represen- 
tation of a node-link structure. The processor can receive 
user signal data indicating a change from a first display 
position near a first feature in the first representation to 
a second display position, where the first feature repre- 
sents a first part of the node-link structure. In response, 
the processor can automatically present a second rep- 
resentation in which a second pan feature near the sec- 
ond display position represents the first part. The second 
representation can be perceptible as a moved continua- 
tion of the first. 



A machine's processor can also use node-link data 
defining a node-link structure to obtain layout data indi- 
cating positions in a layout space with negative curvature 
as described above. The processor can use the layout 

5 data to perform two or more different mappings that ob- 
tain mapped data, with the mapped data for each map- 
ping indicating positions for a subset of the nodes in a 
region of the display. 

More particularly, the invention further provides a 

10 method of operating a machine, according to claim 3 of 
the appended claims. 

Preferably, the user input circuitry comprises a point- 
er control device that controls a pointer presented on the 
display; the signal from the user including a button click 

IS when the pointer is at the second display position. Pref- 
erably, the signal from the user further includes an action 
moving the pointer to the second display position. 

The invention further provides a method of operating 
a machine, according to claim 6 of the appended claims. 

20 The invention further provides a method of operating 
a machine, according to claim 7 of the appended claims. 

Preferably, the layout space is a discrete approxima- 
tion of a hyperbolic plane. Preferably, the layout data in- 
dicate, for each of the set of nodes, first and second co- 

25 ordinates: the first and second coordinates together in- 
dicating a position in the hyperbolic plane. Preferably, the 
node-link structure is an acyclic graph. Preferably, the 
node-link structure is a tree. Preferably, the branch is an 
exponentially growing branch. Preferably, the branch in- 

30 eludes a parent node that is the top level node, the parent 
node having two or more child nodes at a first lower level: 
the act of operating the processor to use the node-link 
data to obtain layout data comprising: obtaining parent 
node data indicating, for the parent node, a parent posi- 
es tion and a parent wedge in the layout space: the parent 
wedge having a vertex at the parent position: the parent 
wedge being a part of the layout space between two rays 
extending from the vertex: and using the parent node 
data to obtain child node data for each of the child nodes: 

•^0 each child node's child node data indicating, for the child 
node, a child position in the layout space: each of the 
child positions being approximately along an arc that is 
within the parent wedge, the arc being part of a circle 
that is centered at the vertex. 

45 Preferably, the parent wedge has a wedge angle 
formed by the two rays at the vertex: the wedge angle 
being less than 360": each child node's child node data 
indicating, for the child node, a child wedge: each child 
node's child wedge having a vertex at the node's child 

50 position, the child wedge being a part of the parent 
wedge between two rays extending from the vertex, the 
two rays forming an angle approximately equal to the 
wedge angle at the vertex: the child wedges not overlap- 
ping. Preferably, the branch includes descendant nodes 

55 at lower levels below the first lower level, each descend- 
ant node being related to first or second ones of the chil- 
dren nodes through one or more links: more of the de- 
scendant nodes at one of the lower levels below the first 
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lower level being related to the first child node than to 
the second child node so that if the descendant nodes 
were unifornrdy spaced, the descendant nodes related to 
the first child node would occupy a larger angle than the 
descendant nodes related to the second children node: s 
each child node's child node data indicating, for the child 
node, a child wedge: each child node's child wedge hav- 
ing a vertex at the node's child position, the child wedge 
being a part of the parent wedge between two rays ex- 
tending from the child wedge's vertex, the two rays form- io 
ing a wedge angle at the child wedge's vertex; the wedge 
angle of each child node's child wedge depending on the 
angle that would be occupied by descendant nodes re- 
lated to the child node, the first child node having a larger 
wedge angle than the second child node: the child wedg- 
es of the child nodes not overlapping. 

Preferably, the parent node of the branch is the root 
node of a tree: the two rays being identical so that the 
parent wedge includes all of the space with negative cur- 
vature. 

Preferably, adjacent child positions are equally sep- 
arated along the arc by the base spacing.. 

The invention further provides a method of operating 
a machine, according to claim 10 of the appended 
claims. 

The techniques described above are advantageous 
because an exponentially growing node-link structure 
can be laid out uniformly in a space with negative curva- 
ture. Once it is laid out in a hyperbolic plane, for example, 
there is no need to lay it out again-the same layout can 30 
be transformed to produce other desired representa- 
tions. The hyperbolic plane can be mapped to a display 
region such as a disk to. show a part in greater detail and 
to show other parts with less detail, so that the context 
of the detailed part is visible. Furthermore, any transfor- 3S 
mat ion between two representations can be done in the 
same amount of time, allowing high quality animated 
navigation. A sequence of images presented at anima- 
tion speeds can provide perception of continuity, while 
changing positions of parts of the structure. Therefore, -^o 
a user can indicate a change in position of a part and a 
machine can automatically present an image in which 
the part is moved as indicated. This makes it possible for 
the user to change focus to any part of a structure. 

Embodiments of the invention will now be described, -^5 
by way of example, with reference to the accompanying 
drawings, in which: 

Fig. 1 is a schematic flow diagram showing how 
node-link data can be used to obtain layout data indi- 50 
eating positions in a space with negative curvature, 
from which two or more different mappings can be 
performed: 

Fig. 2 is a flow chart showing general acts in obtain- ss 
ing layout data and performing mappings as in Fig. 
1: 



Fig. 3 is a schematic flow diagram showing how first 
and second representations of a node-link structure 
can be presented, with the second representation 
automatically presented in response to a signal indi- 
cating a change from a first display position to a sec- 
ond display position in the first representation: 

Fig. 4 is a flow chart showing general acts in pre- 
senting first and second representations as in Fig. 3: 

Fig. 5 is a schematic diagram showing general com- 
ponents of a machine that obtains layout data and 
performs mappings as in Fig. 1 and presents first 
and second representations as in Fig. 3: 

Fig. 6 is a schematic block diagram showing com- 
ponents of a system that can layout a node-link 
structure in a layout space with negative curvature, 
then map to present representations of the node-link 
structure on a display: 

Fig. 7 is a flow chart showing acts by which the 
machine in Fig. 6 can provide a browser interface by 
transforming and mapping positions for a subset of 
nodes not too near an edge in response to requests 
for position changes: 

Fig. 8 is a flow chart showing acts by which the 
machine in Fig. 6 can provide a browser interface by 
successively transforming and mapping positions 
for all nodes in response to requests for position 
changes: 

Fig. 9 is a flow chart showing acts in a layout oper- 
ation by the system of Fig. 6 implementing the tech- 
nique of Fig. 7: 

Fig. 10 is a flow chart showing acts that can obtain 
a node's distance to children: a child's position, 
wedge, and room bound; and a node's radius in Fig. 
9: 

Fig. 11 is a flow chart showing acts in mapping from 
layout to display by the system of Fig. 6 implement- 
ing the technique of Fig. 7: 

Fig. 12 is a flow chart showing acts that can obtain 
a node's mapped position in a unit disk and present 
a link feature in Fig. 11 : 

Fig. 1 3 is a flow chart showing acts that can present 
a node feature in Fig. 1 1 : 

Fig. 14 is a flow chart showing acts in responding to 
a signal requesting change of position by the system 
of Fig. 5 implementing the technique of Fig. 7: 

Fig. 1 5 is a flow chart showing acts that can obtain 
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a translator that preserves orientation of a root node 
in Fig. 14: and 

Fig. 1 6 is a flow chart showing acts that can obtain 
a translator that orients children of a node at the 
center of a region of greater spacings the right in Fig. 
14. 

A "graph" is a node-link structure in which each link 
relates two nodes. An "acyclic graph" is a graph in which 
the links provide only one path between any two nodes 
in the graph. A "directed graph" is a graph In which each 
link indicates direction between the nodes It relates, with 
one node being a source of the link and the other being 
a destination. A "tree" Is an acyclic directed graph with 
exactly one root node such that every other node in the 
tree can be reached by only one path that begins at the 
root node and follows each link in the path in its indicated 
direction. 

A "branch" of a node-link structure Is a set of nodes 
that forms a tree within the node-link structure if the links 
are treated as relating pairs of nodes and as indicating 
direction. A branch therefore includes two or nnore levels, 
with the "top level node" being the node that is the root 
node of the tree and "lower level nodes" being nodes at 
one or nnore levels of the tree below the top level node. 
Each lower level node has a "parent node" at the next 
higher level to which the lower level node is related 
through one link. A parent node has a set of "child nodes" 
at the next lower level to each of which the parent node 
Is related through one link. The child nodes of a parent 
"share" the parent node. A parent node also has a set of 
"descendant nodes" that includes its child nodes and all 
of their child nodes, and so forth. 

An "exponentially growing branch" of a node-link 
structure is a branch In which the nunaber of nodes at 
successively lower levels increases approxinnately as an 
exponential function of the number of links m relating 
nodes at a lower level to the top level node of the branch. 
For example, if parent nodes within the branch have an 
average of three children, the number of nodes at the 
mth lower level would be approximately 3"^. 

A "representation of a node-link structure" is a 
graphical representation that represents the node-link 
structure. In a representation of a node-link structure, for 
example, link features can be lines, such as arcs or 
straight lines, that extend between node features. 

A "bounded node feature" is a node feature that has 
a perceptible boundary. The "center of area" of a bound- 
ed node feature is the center of area of the region within 
the node feature's boundary. The position of a bounded 
node feature's center of area can therefore be computed 
from the node feature's boundary or estimated by view- 
ing the representation. 

The "nearest other node feature" of a first bounded 
node feature In a representation is a second bounded 
node feature whose center of area is spaced from the 
first node feature's center of area by a distance no great- 



er than the spacing from the first node feature's center 
of area to any other bounded node feature's center of 
area. The distance is referred to herein as the node fea- 
ture's "nearest node spacing." A bounded node feature 

5 may have more than one nearest other node feature, all 
with centers of area at the nearest node spacing. 

Bounded node features in a first region have nearest 
node spacings that are "in general perceptibly greater" 
than in a second region if a viewer can see that the near- 

10 est node spacings are generally greater In the first region 
than in the second. A region in which bounded node fea- 
tures have nearest node spacings that are in general per- 
ceptibly greater than in other regions of a representation 
may be referred to as a "region of greater spacings." 

IS In a representation of a node-link* structure, a rela- 
tion between a parent node feature's display position and 
a child node feature's display position is such that "it is 
unlikely that any of the descendant nodes are further 
than" a minimum spacing from the perimeter of a region 

20 \i. given display positions of a parent node feature and a 
child node feature and a way In which the display posi- 
tions vyere obtained, it Is unlikely that a descendant of 
the child would be positioned further than the minimum 
spacing from the perimeter. For example, in an imple- 

25 mentation described below, a test for unlikelihood would 
be whether the relation between the two display posi- 
tions Is such that the child node feature's display position 
Is nearly as close to the perimeter as the parent node 
feature's display position. 

30 A "space with negative curvature" is a space in 
which parallel lines diverge. Therefore, through any po- 
sition in a space with negative curvature that is not on a 
given straight line, there are multiple other straight lines 
parallel- to the given straight line. An example of a space 

35 with negative curvature is hyperbolic n-space. A "hyper- 
bolic plane" is a hyperbolic 2-space. 

A "discrete approximation" of a continuous space is 
a space in which positions can be uniquely specified by 
a subset of the continuous range of numbers for the con- 

-to tinuous space, and the subset is such that positions In 
the discrete approximation can only be specified with lim- 
ited precision in comparison with the continuous space. 
For example, if positions in a continuous space can be 
specified by the real numbers, positions in a discrete ap- 

•is proxlmation might be specified only by the integers or by 
n-bit numbers, and so forth. 

An item of data Indicates positions "approximately 
along a circle" or "approximately along an arc" in a layout 
space if an arc of an ellipse or a circle can exist within 

50 the layout space such that each position is closer to the 
arc than to an adjacent one of the positions. Adjacent 
positions that are approximately along a circle are "sep- 
arated by approximately a base spacing" if the distances 
in the layout space between the adjacent positions are 

55 within an order of magnitude of the base spacing. 

An item of data Indicates a position "approximately 
at the center" of a circle in a layout space if the position 
is closer to the center of the circle than to the circle. 
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Within a branch that includes two or more parent 
nodes for each of which an item of data indicates posi- 
tions for child nodes sharing the parent node approxi- 
mately along a circle and a position for the parent node 
approximately at the center of the circle, the radii of cir- 
cles and spacings between adjacent child positions 
along circles are "all approximately uniform within the 
branch" if the greatest and the smallest of the radii and 
spacings are within an order of magnitude of each other. 
The circles have radii that, together, "approximate a 
function that increases slowly with number of lower level 
nodes" if mean lengths of radii of the circles that have 
each number of child nodes form a curve that approxi- 
mates a function with monotonic positive slope and 
whose slope decreases with increasing number of chil- 
dren. 

Figs. 1 -5 show general features of the invention. Fig. 
1 shows how node-link data defining a node-link struc- 
ture can be used to obtain layout data indicating posi- 
tions in a layout space with negative curvature, from 
which two or more different mappings can be performed. 
Fig. 2 shows general acts in using node-link data to ob- 
tain layout data and perform mappings as in Fig. 1. Fig. 
3 shows how first and second representations can be 
presented, with the second representation being auto- 
matically presented in response to signals from a user 
indicating a change from a first display position in the first 
representation to a second display position. Fig. 4 shows 
general acts in presenting first and second representa- 
tions as in Fig. 3. Fig. 5 shows general components of a 
machine that can obtain layout data and use it to perform 
mappings as in Fig. 1 and can present first and second 
representations as in Fig. 3. 

In Fig. 1 , node-lin k data 1 0 define node-link structure 
20, part of which is illustratively shown. As shown, 
node-link structure 20 includes nodes and links that re- 
late the nodes. Fig. 1 shows an exponentially growing 
branch of node-link structure 20, with a top level node 
22 related to each of lower level nodes 24. 26, and 28 
through one link. As suggested by the dashed lines, each 
of lower level nodes 24, 26, and 28 is in turn related to 
three nodes at a next lower level. If this rate of increase 
continues, the number of nodes at a lower level of the 
exponentially growing branch would be approximately 
3"^, where m is the number of links relating nodes at the 
level to top level node 22. As suggested in Fig. 1, it is 
difficult to lay out an exponentially growing branch on a 
two-dimensional Euclidean plane because of space con- 
straints. 

Layout data 30, however, indicate positions in neg- 
atively curved space 32 for nodes in the exponentially 
growing branch of node-link structure 20. Space 32 is 
schematically illustrated with position 34 of top level 
node 22 at the vertex of a wedge that extends between 
rays 36 and 38 from the vertex. This top level wedge is 
allocated to top level node 22. Lower level nodes 24, 26, 
and 28 can have positions 42, 44, and 46 approximately 
along circle 48 whose center in space 32 is approximate- 



ly at position 34, the vertex of the top level wedge. 

Positions 42, 44, and 46 all lie within the top level 
wedge and all the other descendants of top level node 
22 at lower levels can also be positioned within the top 

5 level wedge. For example, nodes at a next lower level of 
the exponentially growing branch can similarly be ap- 
proximately positioned along circles whose centers in 
space 32 are approximately at positions 42, 44, and 46. 
Because space 32 is negatively curved, each of lower 

10 level nodes 24, 26, and 28 can be allocated a lower level 
wedge between rays that diverge from the vertex of the 
wedge at approximately the same angle as the angle at 
which rays 36 and 38 diverge from position 34, even 
though the lower level wedges do not overlap each other 

15 and all are contained within the top level wedge. 

Adjacent child positions 42 and 44 on circle 48 are 
separated by distance d^ , while adjacent child positions 
44 and 46 are separated by distance dg. Each of the dis- 
tances di or 62 is approximately equal to a base spacing, 

20 and radius do of circle 48 and the radii of other circles in 
the branch together approximate a function that increas- 
es slowly with number of lower level nodes such that the 
radii and spacings between adjacent child positions 
along circles are all approximately uniform within the 

25 branch. 

As shown in Fig. 1, layout data 30 can be used to 
perform two or more different mappings. Each mapping 
obtains mapped data, as illustrated by zeroth mapped 
data 50 and Nth mapped data 52. The mapped data ob- 

30 tained by each mapping indicate positions for a subset 
of the nodes in node-link structure 20. The positions 
could, for example, be display positions or positions in 
another space other than the layout space. 

In Fig. 2, the act in box 60 begins by obtaining 

35 node-link data defining a node-link structure. The 
node-link structure includes nodes and links, with each 
link relating at least two nodes. 

The act in box 62 uses the node-link data obtained 
in box 60 to obtain layout data indicating, for nodes in a 

■io branch, positions in a layout space with negative curva- 
ture. For each of a set of parent nodes, the positions of 
children sharing a parent node are approximately along 
a circle centered approximately at the position of the par- 
ent node, with adjacent children nodes separated by dis- 

-^5 tances that approximate a base spacing. The radii of cir- 
cles in the branch together approximate a function that 
increases slowly with number of children nodes sharing 
a parent such that the radii and spacings between adja- 
cent child positions along the circles are all approximate- 

50 ly uniform within the branch. 

The act in box 64 then uses the layout data from box 
62 to obtain mapped data for at least two different map- 
pings. The mapped data for each mapping indicate po- 
sitions for a subset of the nodes. 

55 In Fig. 3, layout data 70 indicate positions in a layout 
space with negative curvature for parts of a node-link 
structure. Layout data 70 is used to present image 72 
with first representation 74 of the node-link structure. Im- 
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age 72 illustratively also includes pointer 76. which can 
be controlled by a mouse or other pointer control device 
to provide signals indicating display positions. 

As suggested by the dashed line in Fig. 3, an uncer- 
tain amount of time passes before the user provides sig- 
nal 78 indicating a change from a first display position to 
a second display position. First representation 82 has a 
first feature representing a first part of the node-link 
structure near the first display position. For example, one 
of node features 80. 82. and 84 could be near the first 
display position. 

In response to signal 78, image 86 is presented with 
second representation 88 of the node-link structure. Sec- 
ond representation 88 is perceptible as a changed con- 
tinuation of first representation 74. 

in second representation 88. a second feature rep- 
resenting the first part of the node-link structure is near 
the second display position. For example, if node feature 
80 in first representation 82 was near the first display po- 
sition, and node feature 90 represents the same node, 
the second display position could have been indicated 
by a dragging signal from the position of node feature 80 
to the position of node feature 90. Similarly, if node fea- 
tures 92 and 94 represent the same nodes, respectively, 
as node features 82 and 84, the second position could 
have been indicated by a dragging signal from the posi- 
tion of node feature 82 or node feature 84 to the position 
of node feature 92 or node feature 94, respectively. Also, 
the second position could have been indicated by click- 
ing on node feature 82 in first representation 74 to indi- 
cate a second position at the center of a region of greater 
spacings, as suggested by the increase in size from node 
feature 82 to node feature 92. 

Fig. 4 shows general acts implementing the opera- 
tions illustrated in Fig. 3. In the act in box 1 20. layout data 
is obtained, indicating positions in a layout space with 
negative curvature for parts of a node-link structure. 

The act in box 122 uses the layout data from box 
120 to present a first representation of the node-link 
structure. The first representation includes a first feature 
representing a first part of the node-link structure, and 
the first feature is near a first display position. 

After an uncertain amount of time, as indicated by 
the dashed line, the act in box 1 24 receives a signal from 
a user indicating a change from the first display position 
to a second display position. 

The act in box 1 26 responds to the signal in box 1 24 
by presenting a second representation of the node-link 
structure. The second representation includes a second 
feature representing the first part of the node-link struc- 
ture. The second feature is near the second display po- 
sition. 

Machine 150 in Fig. 5 includes processor 152 con- 
nected for receiving data indicating user actions from 
user input circuitry 154 and for providing data defining 
images to display 1 56. Processor 1 52 is also connected 
for accessing node-link data 158, which define a 
node-link structure as described above in relation to Fig. 



2. Processor 152 is also connected for receiving instruc- 
tion data 160 indicating instructions through instruction 
input circuitry 162, which can illustratively provide in- 
structions received from connections to memory 164, 

5 storage medium access device 166, or network 168. 

In executing the instructions indicated by instruction 
data 160. processor 152 uses node-link data 158 to ob- 
tain layout data indicating positions of parts of the 
node-link structure in a layout space with negative cur- 

10 vature, as in box 62 in Fig. 2 and box 1 20 in Fig. 4. Proc- 
essor 1 52 then uses the layout data to present a first rep- 
resentation of the node-link structure on display 156 as 
in box 1 22 in Fig. 4, which can be done by performing a 
first mapping for a subset of the nodes to a region of the 

IS display, as in box 64 in Fig. 2. When processor 152 re- 
ceives data indicating a user signal from user input de- 
vice 154 and the signal indicates a change from a first 
display position to a second display position as in box 
124 in Fig. 4, processor 152 can automatically present 

20 a second representation of the node-link structure on dis- 
play 106, with the position of a feature near the first dis- 
play position changed to near the second display posi- 
tion, as in box 126 in Fig. 4. The second representation 
can be presented by performing a second mapping as 

25 in box 64 in Fig. 2. 

As noted above. Fig. 5 illustrates three possible 
sources from which instruction input circuitry 162 could 
receive data indicating instructions-memory 164. stor- 
age medium access device 166, and network 168. 

30 Memory 164 could be any conventional memory 
within machine 150, including random access memory 
(RAM) or read-only memory (ROM), or could be a pe- 
ripheral or remote memory device of any kind. 

Storage medium access device 1 66 could be a drive 

35 or Other appropriate device or circuitry for accessing stor- 
age medium 170, which could, for example, be a mag- 
netic medium such as a set of one or more tapes, dis- 
kettes, or floppy disks: an optical medium such as a set 
of one or more CD-ROMs: or any other appropriate me- 

■^0 dium for storing data. Storage medium 170 could be a 
part of machine 1 50. a part oia server or other peripheral 
or remote memory device, or a part of a software product. 
In each of these cases, storage medium 1 70 is an article 
of manufacture that can be used in machine 150. Data 

-^5 units can be positioned on storage medium 170 so that 
storage medium access device 1 66 can access the data 
units and provide them in a sequence to processor 152 
through instruction input circuitry 162. When provided in 
the sequence, the data units form instruction data 160. 

50 indicating instructions as illustrated. 

Network 168 can provide instruction data 160 re- 
ceived from machine 180. Processor 182 in machine ISO 
can establish a connection with processor 152 over net- 
work 168 through network connection circuitry 184 and 

55 instruction input circuitry 1 62. Either processor could in- 
itiate the connection, and the connection could be estab- 
lished by any appropriate protocol. Then processor 1S2 
can access instruction data stored in memory 136 and 
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transfer the instruction data over network 168 to proces- 
sor 152 so that processor 152 can receive instruction 
data 160 fronn network 168. Instruction data 160 can then 
be stored in nnennory 1 64 or elsewhere by processor 1 52, 
and can be executed. 

The general features described above could be inn- 
plennented in numerous ways on various machines to ob- 
tain and use layout data indicating positions in a layout 
space with negative curvature for parts of node-link 
structures. An implementation described below has 
been implemented on a Sun SPARCStation running a 
Unix/X operating system. Another implementation has 
been done on an Apple Macintosh personal computer. 
The Unix implementation executes instructions written 
in a Common Lisp programming environment extended 
with the Common Lisp Interface Manager (CLIM). Com- 
mercial Common Lisp environments and CLIM exten- 
sions are available from Lucid Inc. and Franz Inc. 

Fig. 6 illustrates components of systems in which the 
invention has been implemented. Machine 200 in Fig. 6 
includes central processing unit (CPU) 202, a microproc- 
essor or other appropriate processor. CPU 202 is con- 
nected to receive data indicating user signals from user 
input devices that illustratively include keyboard 204 and 
mouse 206. CPU 202 is also connected to provide data 
to cause presentation of images on display 208. Images 
presented on display 208 can include pointer 210 con- 
trolled by mouse 206 or another pointer control device. 

CPU 202 is connected to one or more memory com- 
ponents that together provide memory environment 220. 
The memory components conventionally include resi- 
dent RAM connected directly ,to CPU 202, one or more 
internal disk drives or other storage medium access de- 
vices connected to CPU 202 through an internal bus. and 
one or more external memory components such as pe- 
ripheral devices or remote sen/ers that include storage 
medium access devices and that are connected to CPU 
202 through external connections of machine 200. CPU 
202 conventionally accesses data stored in any memory 
component in environment 220 by providing addresses. 

Fig. 6 illustratively shows program components and 
data components stored in memory environment 220; 
program and data components are illustratively shown 
separately, but need not be stored separately within a 
given memory component. Program components in- 
clude data that indicate instructions CPU 202 can exe- 
cute, and can be stored in object code form or source 
code form: if appropriate, the program components can 
also include any compilers and interpreters needed to 
obtain instructions from program components stored in 
source code form. In executing instructions indicated by 
program components, CPU 202 accesses and uses data 
components. 

In executing instructions indicated by operating sys- 
tem program 230. CPU 202 performs operations that 
transfer data between CPU 202 and other components 
of machine 200. Such operations can include, for exam- 
ple, mapping logical addresses in the memory space of 



CPU 202 to physical addresses for accessing a memory 
component in environment 220. 

In executing instructions indicated by Common Lisp 
environment program 232, which includes a CLIM library 

5 and user interface extensions, CPU 202 provides the 
standard CLIM interface defined in the CLIM 2.0 speci- 
fication available from Franz Inc. As a result, CPU 202 
can execute CLIM source code, so that browser interface 
program 234 and hyperbolic geometry program 236 can 

10 be implemented in Common Lisp extended with CLIM. 

In executing instructions indicated by browser inter- 
face program 234, CPU 202 first initializes machine 200. 
Then CPU 202 uses node-link data 240 defining a 
node-link structure to obtain layout data 242, indicating 

15 positions for parts of the node-link structure in a hyper- 
bolic plane. Then CPU 202 uses layout data 242 to ob- 
tain mapped data 244 for an initial representation of the 
node-link structure. CPU 202 provides' data to display 
208 to cause presentation of the initial representation. 

20 In executing instructions indicated by browser inter- 
face program 234, CPU 202 also receives data indicating 
user signal events from keyboard 204 and mouse 206. 
CPU 202 sets up, maintains, and handles a queue of 
steps for responding to an event by accessing event 

25 queue data 246. When the steps responding to a user 
signal event are completed, CPU 202 can set up steps 
for responding to the next event. 

In executing instructions indicated by browser inter- 
face program 234, CPU 202 can also modify animation 

30 parameters by accessing animation parameter data 248. 
Or CPU 202 can use layout data 242 to obtain mapped 
data 244 for a changed representation of the node-link 
structure, then provide data to display 208 to cause its 
presentation. 

35 CPU 202 can execute instructions indicated by hy- 
perbolic geometry program 238 for various purposes, 
such as to obtain layout data 242, to obtain mapping data 
244, and to map from a position of pointer 210 to a part 
of the node-link structure. As shown in Fig. 6, a repre- 

40 sentation can include a background 250 on which a fig- 
ure 252 is shown, and a position of pointer 210 within 
figure 252 can be mapped to the nearest node, for ex- 
ample.The operations of CPU 202 described above can 
be implemented in many ways to provide a browser for 

45 a node-link structure laid out in a space with negative 
curvature. Fig. 7 shows how the machine in Fig. 6 can 
provide a browser by transforming positions for nodes 
not too near an edge. Fig. 8 shows how the machine in 
Fig. 6 can provide a browser by successively transform- 

50 ing layout data for all nodes. 

The general approach in Figs. 7 and 8 is that posi- 
tions of nodes can be transformed in a layout space; 
then, a representation can be presented by mapping 
from the layout space to display positions. As mentioned 

55 above, the layout space can be a hyperbolic plane or an- 
other appropriate space with negative curvature. The 
display positions can be positions within a circular dis- 
play region, to facilitate mapping between the hyperbolic 
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plane and the display region. 

The act in box 260 In Fig. 7 obtains layout data indi- 
cating a position in a layout space for each node in a 
node-link structure. The layout space can. for example, 
be a hyperbolic plane. The act in box 260 also initializes 
a current transformation that can be performed on the 
layout data to obtain transformed positions. The initial 
current transformation could, for example, be a null 
transformation that does not change the positions of the 
nodes in the layout space. 

The act in box 262 then performs the current trans- 
formation on the layout data from box 260 to obtain trans- 
formed data indicating transformed positions for each 
node except those nodes with positions in the layout 
space that are too near an edge. The edge bounds the 
part of the layout space that is presented when a repre- 
sentation of the node-link structure is displayed. 

The act in box 264 then maps the transformed po- 
sitions from box 262 to obtain a position on a display for 
each node that is not too near the edge. The act in box 
264 then presents a representation on the display. The 
representation includes, for each node that is not too 
near the edge, a node feature at the node's display po- 
sition. 

As indicated by the dashed line in Fig. 7, the act in 
box 264 can be followed after an unspecified time by the 
act in box 270, which receives a request from a user for 
a position change. The request includes an indication of 
at least one position on the display. 

The act in box 272 maps the display position(s) in- 
dicated in box 270 back to the layout space to obtain start 
and end positions in layout space. For example, if only 
one display position is indicated, as by a mouse click, 
the position of the pointer when the click occurs can be 
used to obtain the start position and the end position can 
be the position in layout space of the center of the rep- 
resentation. Or. if two display positions are indicated, as 
during a dragging motion from a button press to a button 
release, the position of the pointer when the button press 
occurs can be used to obtain the start position and the 
position when the button release occurs can be used to 
obtain the end position. 

The act in box 274 obtains a transformation of the 
layout space that moves the start position to the end po- 
sition. The act in box 276 combines the current transfor- 
mation with the new transformation from box 274 to ob- 
tain a combined transformation. The combined transfor- 
mation becomes the current transformation when the 
acts in boxes 262 and 264 are performed to present an- 
other representation. 

As described below, the technique in Fig. 7 has been 
implemented to present a sequence of representations 
in response to a click rather than just one representation. 
This modification can provide a perception of continuous 
motion from the start position to the end position. 

The technique in Fig. 8 is similar to Fig. 1. with the 
act in box 280, for example, being the same as the act 
in box 260- A key difference, however, is that the act in 



box 282 obtains a transformed position for each node in 
the node-link structure, including those that are treated 
as too near the edge in box 262. As a result, the tech- 
nique of Fig. 8 is not as efficient as the technique of Fig. 

5 7 for large node-link structures. 

The act in box 284 maps the transformed positions 
from box 282 to display positions, as in box 264 in Fig. 
1, and uses the display positions to present a represen- 
tation as in box 264. 

^0 The act in box 290 receives a request as in box 270. 
The act in box 292 responds by first updating the layout 
data to be the transformed data from box 282 rather than 
the layout data from box 280. Then the act in box 292 
maps from the display position(s) indicated in box 290 to 

75 the transformed layout space to obtain' start and end po- 
sitions. The act in box 294 obtains a new transformation 
that moves the start position to the end position, and up- 
dates the current transformation to be the new transfor- 
mation before the acts in boxes 282 and 284 are per- 

20 formed to present another representation. 

As noted above, the technique of Fig. 7 can handle 
large node-link structures better than the technique of 
Fig. 8 because the act in box 262 is not performed for 
nodes that are too near the edge. The technique of Fig. 

2S 8 has been found to be impractical for large structures. 
In addition, because some information is lost in obtaining 
a transformation, the technique of Fig. 7 is more precise, 
because it continues to use the original layout data from 
box 260. 

30 The following implementation of CPU 202 opera- 
tions follows the browser technique of Fig. 1. but the ba- 
sic operations described below could also be used to im- 
plement the browser technique of Fig. 8. 

The implementation described below lays out a 

35 node-link structure in a uniform way in the hyperbolic 
plane and maps this plane onto a circular display region. 
The hyperbolic plane is a mathematical construct in 
which parallel lines diverge away from each other. This 
leads to the convenient property that the circumference 

-/o of a circle grows exponentially with its radius, which 
means that exponentially more space is available with 
increasing distance. Thus an exponentially growing 
node-link structure can be laid out in hyperbolic space in 
a uniform way, so that the distance between parents, 

-^5 children, and siblings is approximately the same every- 
where in the hierarchy. 

While the hyperbolic plane is a mathematical object, 
it can be mapped in a natural way onto the unit disk. 
• which provides a way to display it on a two-dimensional 

50 (Euclidean) display. This mapping displays portions of 
the plane near the origin using more display space than 
other portions of the plane. Very remote parts of the hy- 
perbolic plane get miniscule amounts of space near the 
edge of the disk. The projection onto the unit disk thus 

55 provides a natural mechanism for assigning more space 
to a portion of the node-link structure while still embed- 
ding it in the context of the entire structure. 

Translating the structure on the hyperbolic plane 
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provides a mechanism for controlling which portion of the 
structure receives the nnost space without compromising 
the illusion of viewing the entire structure. The structure 
is initially displayed with its root at the center of a region 
of greater spacings, but the Implementation includes ef- 
fective procedures for manipulating focus using pointer 
clicks as well as interactive dragging and for smoothly 
animating transitions across such manipulations. The 
context always includes several generations of parents, 
siblings, and children, making it easier for the user to ex- 
plore the structure without getting lost. 

The browser described below supports effective in- 
teraction with much larger structures than conventional 
hierarchy viewers and compares favorably with other 
novel browsers such as those described in Robertson et 
al., US-A 5,295,243. In a 600 pixel by 600 pixel window, 
a standard two-dimensional hierarchy browser can typi- 
cally display 1 00 nodes, each with a three character text 
string. The browser described below can display 1000 
nodes of which about the 50 nearest the focus can show 
from three to dozens of characters of text. Thus the can 
display up to ten times as many nodes while providing 
more effective navigation around a node-link structure. 
The scale advantage is obtained by the dynamic distor- 
tion of the structure display according to the varying in- 
terest levels of its parts. 

Figs. 9 and 10 illustrate acts in layout operations. 
Fig. 9 illustrates how CPU 202 lays out a node-link struc- 
ture in a hyperbolic plane: the technique of Fig. 9 can be 
' used to implement the acts in box 260 in Fig. 7 and box 
280 in Fig. 8. Fig. 1 0 illustrates howa distance to a node's 
children: a child's position, wedge, and room bound: and 
a node's radius can be obtained in Fig. 9. 

The layout technique in Fig. 9 recursively lays out 
each node in a node-link structure based on local infor- 
mation. A node is allocated a wedge of the hyperbolic 
plane, angling out from itself, in which its descendants 
can be positioned. All of a node's children are positioned 
along an arc in that wedge, at an equal distance from the 
node, and far enough out so that the children are some 
minimum distance apart from each other. Each of the 
children then gets a sub-wedge for its descendants. 

Because of the way parallel lines diverge in hyper- 
bolic geometry, each child will typically get a wedge that 
spans about as big an angle as does its parent's wedge. 
To obtain a more compact layout for non-uniform struc- 
tures, this is modified so that siblings that themselves 
have many descendants get more room than siblings 
that don't: this modification tends to put grandchildren 
more nearly the same distance from their grandparent. 

The technique of Fig. 9 can also be modified by 
changing the angle occupied by the children of the root 
node. The children of the root node can be spread out 
over an entire 360'' circle, or can all be put on one side. 
In some cases, the second option is better. 

The act in box 350 in Fig. 9 begins by receiving a 
call to perform a layout operation with the handle of a 
root node in the node-link data, with coordinates of the 



origin of a hyperbolic plane, with a wedge of the hyper- 
bolic plane that is available for the descendants of the 
root node, and with a room bound. The layout operation 
of Fig. 9 can be used with node-link data defining an acy- 

5 die hierarchical node-link structure such that the handle 
of the node-link data is also the root node's handle. The 
wedge of the hyperbolic plane can be defined by a wedge 
angle and a direction. For a radial orientation, the wedge 
angle can be 360° and the direction does not matter but 

10 for a canonical orientation such as rightward. the wedge 
angle is smaller, such as 120°, and the direction deter- 
mines the orientation. The room bound can be initialized 
to 0.9 for the root node. 

The act in box 352 tests whether the node currently 

is being handled has children. If so, the act in box 354 ob- 
tains a distance to the children in the hyperbolic plane, 
as described below. Then the act in box 360 begins an 
iterative loop that handles each of the current node's chil- 
dren in turn. 

20 The act in box 362 begins each iteration by obtain- 
ing, for the next child node, a position in the hyperbolic 
plane, a wedge, and a room bound, as described below. 
The act in box 364 then makes a recursive call for a lay- 
out operation with the handle of the next child and with 
25 its position, wedge, and room bound from box 362. The 
act in box 366 returns from the recursive call and the act 
in box 368 then adds the child's handle to a list of children 
for the current node. 

When all of the current node's children have been 
30 handled, the act in box 370 obtains a radius for the cur- 
rent node, by taking either the room bound received in 
the call in box 350 or box 364 or one-half the distance to 
the current node's children from box 354, whichever is 
smaller, as described below in relation to Fig. 10. If the 
35 current node has no children, the act in box 370 takes 
the room bound from box 350 as the radius. 

The act in box 372 then creates a data structure for 
the current node. The current node's data structure in- 
cludes its position and its radius from box 370, and, if the 
40 current node has children, its node data structure also 
includes a handle or other link to the list of its children 
from box 368. The data structure can also include other 
relevant information. Then, the act in box 374 ends by 
returning the handle of the current node's data structure. 
45 Fig. 10 shows how the acts in boxes 354, 362, and 
370 in Fig. 9 can be implemented. 

In the following description, each distance between 
a pair of points is encoded as the distance between the 
points in the Poincare model with one point at the origin. 
50 This distance is the inverse hyperbolic tangent of the dis- 
tance between the points in hyperbolic space. 

The act in box 390 begins by obtaining the distance 
to a node's children by obtaining a value for space need- 
ed, using a base spacing S that is the same for all nodes. 
55 The space needed depends on the angles that would be 
occupied by the descendants of each of a node's chil- 
dren if the descendants were uniformly spaced: these 
angles are referred to as "weights" herein. A value for 
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each child's weight can be obtained by taking the larger 
of 1 .0 and In (1 .0 + Grandchildren), where the variable 
Grandchildren is equal to the sumnnation of the greater 
of 1 .0 and In (1 .0 + (Number of Children)) for all grand- 
children of the node that are children of the child. 

To obtain the value for space needed, the act in box 
390 also obtains an angle fraction by dividing the total 
angle available by the sum of the weights for all the chil- 
dren of the current node. The angle fraction is multiplied 
by the smallest of the weights to obtain an angle unit a. 
The space needed is then equal to ((ssin^ + 1 O)'^' - ssin), 
where ssin = (((1 .0 - S2)/2S)(sin a)). 

The act in box 392 then determines whether the 
space needed from box 390 is larger than the minimum 
space, which is the hyperbolic sum of the base spacing 
S with itself, calculated as 2S/(1 + S2). If so, the act in 
box 394 sets the distance equal to the space needed, 
but if not. the act in box 396 sets the distance equal to 
the minimum space. 

The act in box 398 then initializes a value for previ- 
ous width Wq to zero: a value for down room, which can 
be initialized to the hyperbolic half of the distance D from 
box 394 or 396, calculated as D/(1 .0 + (1 .0 - D^)^^. and 
values indicating direction, which can be initialized using 
values indicating the angular width W of the current 
node's wedge and the direction of the current node's 
wedge in the form of (B>(, By), x- and y- coordinates of a 
point on the unit disk. A starting direction (e^. By) for cal- 
culating the first child's direction can have the calculated 
values (((B^(cos(-W))) - (ByCsin (-W)))), ((By(cos(-W))) + 
(H,(sin(-W))))). 

Then the act in box 360 begins an iterative loop as 
described above in relation to Fig. 9. Part of the iterative 
loop is shown in boxes 400, 402, 404, and 406. 

The act in box 400 obtains preliminary width and di- 
rection of the next child node's wedge, then uses the pre- 
liminary width to update last width. The act in box 400 
also obtains the next child node's position, wedge, and 
room available. 

The act in box 400 can obtain preliminary width an- 
gle as the product of the child's weight and the angle 
fraction, both obtained in box 390. The act in box 400 
can use (%.. By) and the previous width angle W^, either 
from box 398 or from the previous iteration, to calculate 
child direction (B^, By) having coordinate values equal to 
(((B,(cos (W^ + W J)) - (By(sin (Wo + WJ))), ((By(cos (W^ 
+ Wr,))) + (Bx(sin (Wq + W„))))). Then the act in box 400 
updates previous width Wo to have the value of the pre- 
liminary width Wp. 

The act in box 4O0 can obtain the next child node's 
position using the position (x. y) of the parent node, from 
box 350 if the parent node is the root node or from box 
364 when performed for the parent node: using the child 
direction (B^, By): and using the distance D from box 394 
or 396. The position include values (x, y, B^. By) that are 
calculated using transformations. 

A rigid transformation of the hyperbolic plane repre- 
sented by a Poincare model is determined by a point p 



and an angle a. where p indicates the final position of 
the point that was the origin prior to the transformation 
and where a represents a rotation. The transformation 
of a point (x. y) is then ((Bz + P)/(P*Bz + 1)), where z is 

5 a complex number with real part x and imaginary part y. 
P is the complex number representing p: B is the complex 
number of magnitude one representing rotation by the 
angle a: and P* is the complex conjugate of P. The real 
and imaginary parts of the result are the x- and y-coor- 

10 dinates, respectively of the transformed point p in the 
Poincare model. 

Given values defining a point p and the cosine and 
sine of an angle a, together represented by the four co- 
ordinates (x, y, Bj(, By), a transformation can be obtained 

IS by obtaining P as a complex number with real part x and 
imaginary part y and B as a complex number with real 
part B^ and imaginary part By. 

To obtain a transformation from the ongin to a point 
(x, y), a transformation can therefore be obtained from 

20 the point and direction (x, y 1 .0, 0.0), where the coordi- 
nates 1.0 and 0.0 indicate the rightward direction, the 
zero direction from which other directions are measured. 
This transformation is referred to herein. as the "transla- 
tor from the origin." Conversely, to obtain a transforma- 

25 Won from a point (x, y) to the origin, a transformation can 
therefore be obtained from the point and direction (- x. - 
y, 1 .0, 0.0). This transformation is referred to herein as 
the "translator to the origin." 

The act in box 400 can obtain a first translator from 

30 the origin to the position of the parent node, then obtain 
the new x- and y-coordinates by applying the first trans- 
lator to the x-and y-components of the distance D, (DB^, 
DBy). where (B^, By) is the child direction described 
above. The act in box 400 can then obtain a second 

35 translator to the origin for the new x- and y-coordinates. 
and apply the second translator to the results of applying 
the first translator to the child direction (B^, By), to obtain 
the new values for (B^. By). 

The new values for (B^. By) indicate the direction for 

-to the child node's wedge. The act in box 400 can obtain 
the angle of the next child's wedge by using the prelim- 
inary width Wf, and the distance D from box 394 or box 
396. The act in box 400 can obtain a translator to the 
origin for the coordinates (D, 0.0), then apply this trans- 

-^5 lator to cos W^ and sin W^, to obtain values that have a 
ratio R. The angle of the wedge can then be calculated 
as ((n/2) -arctan R). 

Finally, the act in box 400 can obtain the room avail- 
able to be used in obtaining the room bound to be passed 

50 in the recursive call in box 364. The room available can 
be calculated using the distance D from box 394 or box 
396 and the preliminary width W^. The room available 
cnn then be cnlcutated as ((s^ + 1 .0)'''- - s), where s = (( 
MO- D-:- 2C . .stn WJ). 

55 T.ho .-ic ! : • ::ox 402 then branches based on whether 

:r o:cofn :::ic from box 400 is greater than the down 
::ofn fictr :: - < .3^5. If SO. the act in box 404 sets room 
bound to !!>: .■ -liue of room available. If not. the act in 
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box 406 sets room bound to the value of down room. 

Then, when every child of the current node has been 
handled by an iterative loop, the act in box 410 branches 
based on whether the room bound received in box 350 
is greater than the down room from box 398. If so, the 5 
act in box 412 sets the node's radius to the value of room 
bound. If not, the act in box 414 sets the radius to the 
value of down room. 

The operations in Fig. 10 result in approximately uni- 
form spacings between nodes within a branch, because io 
the base spacing S is a minimum below which spacings 
do not occur and because other spacings turn out to be 
not much larger than S, because they grow only slowly 
with the number of children of a node. 

Figs. 11-13 illustrate operations mapping from a hy- 75 
perbolic plane to a display region. Fig. 11 shows how 
mapping from layout space to display positions can be 
performed; the technique of Fig. 1 1 can be used to im- 
plement the acts in boxes 262 and 264 in Fig. 7, and a 
similar technique could be used to implement the acts in 20 
boxes 282 and 284 in Fig. 8. Fig. 1 2 shows how a node's 
mapped position on a unit disk can be obtained and also 
shows related operations in presenting a link feature. 
Fig. 1 3 shows operations in presenting a node feature. 

The technique in Fig. 11 maps from the hyperbolic 25 
plane layout space described above to the unit disk, and 
from the unit disk to a circular display region. There are 
two canonical ways of mapping the hyperbolic plane to 
the unit disk. In both of them, one vicinity in the hyperbolic 
plane is in focus at the center of the disk while the rest 30 
of the hyperbolic plane fades off in a perspective-like 
fashion toward the perimeter of the disk. The projective 
mapping, or Klein model takes lines in the hyperbolic 
plane to lines in the unit disk, but distorts angles. The 
conformal mapping, or Poincare model, preserves an- 35 
g\es. but distorts lines in the hyperbolic space into arcs 
on the unit disk. 

It is easy to convert between the two mappings by 
recomputing the distance from the origin according to rj^ 
= ((2rp) / (1 + rp2)), and both have been tested experi- -io 
mentally for use in implementing the browser. The Poin- 
care model works much better because it preserves the 
shapes of fan-outs at nodes and does a better job of us- 
ing the screen real-estate. In addition, the arcs in the dis- 
play give a hint of the kind of distortion that is occurring ^5 
in mapping to the display Therefore, the technique in 
Fig. 11 uses the Poincare model. Rigid transformations 
of the hyperbolic plane correspond, under the Poincare 
model, to linear fractional transformations on the com- 
plex plane that send the unit disk to itself. Ahlfors, L.V., so 
Complex Analysis. McGraw-Hill, 1966, pp. 76-89, de- 
scribes the theory of linear fractional transformations. 

The Poincare projection maps circles on the hyper- 
bolic plane into circles on the Euclidean unit disk, though 
circles will shrink in size the further they are from the or- ss 
igin. The technique of Fig. 11 exploits this property by 
calculating a circle in the hyperbolic plane around each 
node that is guaranteed not to intersect the circle of any 



other node. When those circles are mapped onto the unit 
disk they provide a circular display region for each node 
in which to display a graphical or textual representation 
of the node. This can be combined with a facility that uses 
different representations for nodes depending on the 
amount of real space they receive. 

In Fig. 1 1 , the act in box 500 receives a call for map- 
ping with the handle of the root node of a node-link struc- 
ture, similarly to the act in box 350 in Fig. 9. The act in 
box 500 also receives a transformation, referred to as a 
current translator; a function for presenting link features, 
referred to as linkf unction: a function for presenting node 
features, referred to as node function: and a limit value 
that is used to determine whether a node is too near to 
an edge for presentation of a node feature. For example, 
the limit value can be 0.07 if the call is made during a 
sequence of animated images, and can be the size of a 
pixel otherwise, calculated by taking the reciprocal of the 
radius of a circular display region to which mapping is 
being performed. If necessary for satisfactory animation, 
the limit can be adjusted to reduce the time necessary 
to render a presentation. 

The act in box 502 begins mapping by initializing var- 
iables, including a variable to indicate a previous node 
feature's position and a variable to indicate the previous 
position's radial gap from a unit disk's perimeter. The act 
in box 502 can also precompute values to be used within 
a sequence of animated representations, such as a val- 
ue for limit as discussed below. 

The act in box 504 begins a recursive operation, re- 
ferred to in Fig. 11 as DoNode. by obtaining the current 
node's mapped position (x, y) in the unit disk, using tech- 
niques described below. The mapped position is the cur- 
rent node's inverse image in the layout space. The act 
in box 506 then uses the current transformation to 
present a link feature which has been implemented as a 
line connecting the position from box 504 to the previous 
node feature's position. 

The act in box 510 determines whether the position 
from box 504 is such that a node feature can be present- 
ed. This has been implemented by calculating a radial 
gap for the position from box 504, then comparing it with 
the precomputed limit from box 502 to determine wheth- 
er it is a position too close to the unit disk's perimeter. To 
reduce computation within DoNode, the radial gap is cal- 
culated as (1 .0 - (x2 + y2))^ because the value (x^ + y2) 
must also be computed for another purpose. The act in 
box 502 can use the limit from box 500 to obtain the 
precomputed limit, (1.0 - (1.0 - limit)^). If the radial gap 
is less than the precomputed limit, the position from box 
504 is too close to the unit disk's perimeter. 

If the position from box 504 is too close to the pe- 
rimeter the HCt in box 510 also compares the radial gap 
with ^5 pCfCCtM of the previous position's radial gap to 
aotorminc -.v^o-hor the current position is in a direction 
):om Its p.-i'-:- ! r^uch that its children may be further from 
iho 'joit cJok s perimeter than the current position is. If 
;hc ^ci ir^ OCX 510 finds that the position and direction 
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are both not okay. DoNode ends. But if the current posi- 
tion is not too close or if its children may be further from 
the perimeter than it is, a node feature representing the 
current node may be presented, so the act in box 512 
begins an iterative ioop that handles each of its children. 

tn preparation for a recursive call to DoNode, the act 
in box 514 begins each iteration by setting the previous 
node feature's position to the position from box 504 and 
by setting the previous position's radia! gap to the radial 
gap calculated in box 510. These values are set locally 
within the iteration. Then, the act in box 516 makes a call 
to DoNode for the next child with the child's handle and 
with the parent's position from box 504. The act in box 
518 returns from DoNode. 

When all the children have been handled, so that 
each has a mapped position in the unit disk, the act in 
box 520 presents the current node's node feature before 
DoNode ends. Therefore, the node feature is painted 
over the link features presented in box 506. The node 
feature can be positioned by using the radius and 
mapped position of the node in the layout space to obtain 
a mapped region in the display plane, with the mapped 
region defined by a center and a radius as described be- 
low. If a wafers variable is on, the node feature includes 
a circle with the radius and text centered at the center 
but if a text variable is on. the node feature includes a 
rectangle and text centered at the center. 

The acts in boxes 506 and 520 each include pre- 
senting a feature on display 208. These acts can be im- 
plemented as appropriate for the specific display system 
being used, using conventional display driver tech- 
niques. In general, these acts make a constant transform 
from unit disk positions to display positions. 

Fig. 12 shows how the acts in boxes 504 and 506 
can be implemented. 

The act in box 540 receives a DoNode call with a 
node's handle and a parent's transformed position. If the 
node is the root node, the parent's transformed position 
is taken as its own transformed position. Otherwise, the 
parent's transformed position has previously been ob- 
tained by applying the current translator as described be- 
low. 

The act in box 542 uses the node's handle to obtain 
its position in the layout space, which can be obtained 
from the node's data structure as described in relation to 
box 372 in Fig. 9. The act in box 544 then applies the 
current translator from box 500 to the node's position 
from box 542. obtaining a transformed position in the lay- 
out space. The translator can be applied as described 
above in relation to box 400 in Fig. 10. 

The link function from box 500 can be called with the 
parent's position from box 540 and with the transformed 
position from box 544 to perform the remaining acts in 
Fig. 12. The link function begins in box 546 by using the 
parent's transformed position and the current node's 
transformed position to obtain mapped positions. In a 
current implementation, with mapping to a circular dis- 
play region of radius and centered at (R<j. R^) from 



the upper left corner of a window, the mapping for each 
coordinate c can be obtained by calculating a floor under 
(cR(j + + 0.5). This mapping includes an implicit map- 
ping from the layout space to a unit disk, which is done 

5 by taking the coordinates of the position in the layout 
space as x- and y-coordinates of a position on the unit 
disk. The unit disk position is then mapped to a display 
position with the above calculation. 

The link function continues in box 550 by determin- 

10 ing whether it is appropriate to display a link feature that 
is an arc. An arc may not be appropriate, for example, 
during an animation sequence, because an arc requires 
additional computation. Or an arc may not be appropriate 
if the difference between the mapped positions from box 

15 546 is small, so that an arc will appear approximately as 
a line anyway. If an arc is not appropriate, the act in box 
552 draws a straight line connecting the mapped posi- 
tions from box 546. 

If an arc is appropriate, the act in box 554 begins by 

20 calculating the arc's radius of curvature in the display 
space, using the parent's position (Xp, yp) from box 540 
and the transformed position (x^, y^) from box 544. The 
act in box 554 can be implemented by obtaining a center 
of curvature of the arc that passes through the two points 

25 and intersects the boundary circle at right angles. This 
is the arc that would be mapped from the line between 
the two points in the layout space. The calculations can 
then obtain radius of curvature. 

The act in box 554 can first obtain the value d = 2 

30 (Xpy, - x^yp), then the two values a = ((1 + Xj^ + y 2)/d) and 
b = ((1 + Xp2 + yp2)/d). The center of curvature is the point 
(Xc= yc) such that x^. = by^ - ayp, y^ - aXp - bx,. The radius 
of curvature can be calculated as the distance from the 
center of curvature to either the parent's transformed po- 

35 sition (Xp, yp) or the current node's transformed position 
(Xt, yt)- 

The act in box 556 determines whether the radius of 
curvature from box 554 is too great for accurate drawing. 
If so. the act in box 552 draws a straight line, as described 

^0 above. But if the radius is small enough, the act in box 
558 uses conventional calculations to draw the arc as 
calculated in box 554 on the display. 

After the act in box 552 or the act in box 558. the 
technique of Fig. 12 returns to box 510 in Fig. 11. 

■^5 Fig. 13 shows how the act in box 520 in Fig. 11 can 
be implemented. 

The act in box 570 in Fig. 1 3 begins by testing wheth- 
er it is appropriate to present a node feature. This act 
can include determining whether a parameter is set to 

50 indicate that node features should be displayed or 
whether, for an animation sequence, whether a param- 
eter is set to indicate that node features should not be 
displayed during animation. If presentation of a node fea- 
ture is not appropriate, DoNode ends. 

55 If presentation of a node feature is appropriate, the 
act in box 572 uses the position and radius of the current 
node from the data structure described in relation to box 
372 to obtain a center position and a unit disk radius in 
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the unit disk. The x- and y-coordinates of the center po- 
sition can be obtained by nnultiplying each by ((1.0 - r^) 
/(1.0 - (x2 + where r, \s the radius of the current 

node, optionally adjusted to add a gap between nodes 
by multiplying by a number less than one such as 0.9. 
The act in box 572 can multiply the radius r/by((1 .0 - (x^ 
+ y2))/(l .0 - (x^ + y^yp)) to obtain the unitdisk radius r^. 

The act in box 574 then uses the center position and 
unit disk radius from box 572 to obtain a display posi- 
tion at the upper left corner of a bounding box around the 
corresponding circle on the display and to obtain a diam- 
eter of the corresponding circle on the display. The x- 
and y-coordinates of the upper left corner can each be 
obtained by using the coordinate c to calculate a floor 
under (Rd(c - r^) + Rd + 0.5). The diameter can be ob- 
tained as the difference between a floor under the value 
(Rd(x + r^) + Rd + 0.5) and a floor under the value (Rd(x 
-r,) + Rd + 0.5). 

The act in box 576 then obtains a count of how many 
characters fit into the size from box 574. The count can 
be obtained with a floor function on the size and a char- 
acter size. The act in box 580 branches on whether the 
count is greater than two: if not, DoNode ends because 
there is insufficient size to present a meaningful text. 

If the count is greater than two. the act in box 582 
obtains a position for the text. For example, ah x-coordi- 
nate can be the sum of the mapped x-coordinate and 
half the difference between the mapped size and the 
product of the character size with the number of charac- 
ters in the text for the node. The y-coordinate can be a 
floor under (Rdy + Rd + 0.5).. where y is the center y-co- 
ordinate from box 572. 

The act in box 590 then branches based on whether 
a wafer or a rectangle should be presented. If a wafer 
the act in box 592 draws a circle at the mapped position 
from box 574. If a rectangle, the act in box 594 draws 
one that fits around the text at the position from box 582. 
Then, the act in box 596 draws the text at the position 
from box 582. before DoNode ends. 
As described below, the techniques in Figs. 11-13 can 
also be used in responding to a request for a change in 
position. 

Figs. 14-16 illustrate operations in responding to a 
signal from a user requesting a change in position of a 
representation. Fig. 14 shows how CPU 202 can re- 
spond to a signal from a user by mapping to layout space 
and obtaining and applying a transformation: the tech- 
nique of Fig. 14 can be used to implement the acts in 
boxes 272, 274. and 276 in Fig. 7. and similar techniques 
could be used to implement the acts in boxes 292 and 
294 in Fig. 8. Fig. 1 5 illustrates a way of obtaining a trans- 
forrnation from a first position to a second while preserv- 
ing orientation of a root node. Fig. 1 6 illustrates a way of 
obtaining a transformation from a first position to a sec- 
ond while orienting children of a node at the center of a 
region of greater spacings to the right. 

The technique of Fig.1 4 translates the structure on 
the hyperbolic plane to provides a continuous, geometric 



way of moving focus. The user can easily browse the 
structure while maintaining the visual context of the en- 
tire structure. The user can change the focus either by 
clicking on any visible point to bring it into focus at the 

s center or by dragging any visible point interactively to 
any other position. In either case, the rest of the repre- 
sentation transforms appropriately. Regions that ap- 
proach the center become magnified, while regions that 
were in the center shrink as they are moved toward the 

10 edge. 

To compute the composition of two transformations, 
the point (0.0) can be transformed under the first trans- 
formation, and then the second transformation can be 
applied to the result. The same can then be done to the 

15 point (1 .0). The images of those two points are enough 
to identify the composition, and the appropriate geomet- 
ric operations can be computed straightforwardly from 
that information. 

The act in box 610 in Fig. 14 receives a call for a 

20 change in position indicating a first position and a second 
position in the display region in which a representation 
is being presented. In a dragging operation, the first and 
second positions can be explicitly indicated. In a click op- 
eration, the first position can be the position of the click, 

25 and the second position can be the center of the display 
region. 

The act in box 61 2 begins by converting the first and 
second positions from box 610 to unit disk coordinates 
to which hyperbolic geometry operations can be applied. 
30 In a current implementation, a representation is present- 
ed in a circular display region of radius rwithin a window, 
so that the act in box 612 can be implemented by dividing 
each coordinate by r, then subtracting 1.0. 

The act in box 620 then tests whether either of the 
35 unit disk positions from box 612 is too close to the edge 
of the unit disk, e.g. within approximately 0.025 of the 
edge. If so, the act in box 622 adjusts the position that is 
too close to the edge, such as by multiplying each coor- 
dinate by the ratio of 0.97 to the distance from the origin 
40 to the position, thus slightly reducing each coordinate to 
move the position further from the edge. 

The conversion in box 61 2 and. if necessary, the ad- 
justment in box 622 produce an inverse image of the first 
position and an inverse image of the second position, 
45 both in the layout space. 

The act in box 624 then obtains a translator by find- 
ing a transformation in the layout space that will take the 
inverse image of the first position to the inverse image 
of the second position. The translator can be obtained 
50 using techniques described in more detail below. The 
technique in Fig. 14 can follow two different paths, de- 
pending on whether animation is being performed or not, 
as illustrated by the act in box 630. In a dragging opera- 
tion, animation may be unnecessary to produce a per- 
55 ception of continuity, but in a click operation, it may be 
necessary to break the change in position into an ani- 
mated sequence of smaller steps that produce the per- 
ception of continuity. 
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If no animation is being performed, the act in box 
632 obtains a new current translation by composing the 
translator from box 624 with the current translation, 
meaning the translation used toobtain the displayed rep- 
resentation from the layout data. The composition of a 
first translator with a second translator, each defined by 
a point Pj and an angle of rotation 9j where / indicates 
the translator, can be obtained by calculating the new 
values P„ and as follows: = ({P, + PaBiVCI -O + 
Pi *P2^i ))' where P^ * is the complex conjugate of Pi , and 
= ((^2(^1 + PiP2*)V(1 0 + P/PaBi)). Composition 
does not commute, so the order in which translators is 
composed affects the resulting translation. 

The act in box 634 applies the new current transla- 
tion from box 632 to the layout data to obtain transformed 
positions, then maps the transformed positions and 
presents a representation as described above in relation 
to Fig. 1 1 . Then the response to the call in box 61 0 ends. 

If animation is being performed, the act in box 640 
obtains the nth root of the translator from box 624 as de- 
scribed below. Then, the act in box 642 prepares for an 
iterative loop by initializing an intermediate translation to 
the current translation used to present the representa- 
tion. The act in box 644 begins an iterative loop that is 
performed n times to obtain n intermediate translations. 
The act in box 646 composes the nth root from box 640 
with the intermediate translation to obtain a new inter- 
mediate translation, using the composition technique de- 
scribed in relation to box 632. Then, the act in box 648 
adds the new intermediate translation from box 646 to a 
queue of intermediate translations. 

After n intermediate translations have been queued, 
the act in box 650 obtains a final translation by compos- 
ing the translator from box 624 with the current transla- 
tion used to present the representation. The act in box 
652 adds the final translation to the queue, and the act 
in box 654 then goes through the queue, applying each 
translation to the layout data to obtain transformed posi- 
tions, then mapping the transformed positions and pre- 
senting a representation as described above in relation 
to box 634, but with one representation for each queued 
translation. Then the response to the call in box 610 
ends. 

The act in box 640 can obtain the nth root as follows 
using the point P^ and the angle of rotation of a trans- 
lator: In order to determine which of three cases applies, 
the act in box 640 can obtain d = (41Pt|2 - le^ - 1 12). The 
act in box 640 may also precompute certain values that 
are useful in more than one of the cases, such as qg = 
(IHt - 1 |2/lBt + 1 12) and qb = (d/IH, + 1 1^). 

If d > 0. the act in box 640 can obtain ai ~ (tanh ( 
(atanhlqb'''))/ n)/(qb")): ti = ai2q^: and r, = a,({^ + q^)/ 
(1 +t,))^-. 

If d = 0, the act in box 640 can obtain similar values 
t2 = (qa/n2) and = (((1 + qaV d + k)) ^^)- 

If d < 0. the act in box 640 can obtain values 33 = ( 
(tan ((atan(- Qb^'OVn)): t3 = (a:^^\H^- 1 |2/(-d)): and rj = (4t3/ 

(d +t3)(lB,-1|2))^'. 



Then, the act in box 640 can obtain the the angle of 
rotation B^ of the nth root translator by first obtaining a 
complex raw angle Bp which has a real part ((1 - tj)/(1 + 
tj)) and an imaginary part (2ti'^/(1 + tj)), where tj is the 

5 value for the applicable case as described above, and 
the branch cut for the complex square root is chosen to 
give the angle with the smaller absolute rotation. B^ can 
then be normalized to have a magnitude of 1 to obtain 0^,. 
Finally, the act in box 640 can obtain the point P„ of 

10 the nth root translator as P^ = Pirj(Bn/Bt)^', where r^ is the 
value for the applicable case as described above. 

Fig. 15 shows how the act in box 624 could be im- 
plemented to obtain a translator from a first position (x^ , 
yi) to a second position (X2, y2) while presen/tng orien- 
ts tation of a third position (X3. y3). As shown, the acts in 
Fig. 15 follow either box 620 or box 622 in Fig. 14, and, 
in the current implementation, precede box 632 if per- 
formed in response to a dragging call and precede box 
640 if performed in response to a click call. If called in 

20 response to a dragging call, the first position is the be- 
ginning position of the dragging motion and the second 
position is the ending position. If called in response to a 
click call, the first position is the position of the click and 
the second position is the origin of the unit disk. In either 

25 case, the third position is the current position of the root 
node, obtained by performing the current translation on 
the position (0, 0) in the layout space. 

The act in box 670 obtains a first translator from the 
third position to the origin, and can be implemented as 

30 described above in relation to box 400 in Fig. 1 0. The act 
in box 672 then applies the first translator to the first po- 
sition to obtain a transformed first position. 

The act in box 674 obtains a second translator that 
has no rotation component and that takes the trans- 

35 formed first position (x^, y^) to the second position (x^, 
y^). The act in box 674 can be implemented by obtaining 
a translator with point Pg and an angle of rotation (1.0, 
0.0). The act in box 674 can obtain the real part of P2 by 
obtaining the real part of the complex value ((B - A)(1 + 

40 (AB)*)/(1 - (IABI*)2). The act in box 674 can similarly ob- 
tain the imaginary part of Pg by obtaining the imaginary 
part of the complex value ((B - A)(1 - (ABr)/(1 -(I ABr)2). 
In these equations, A = x^ + iy^ and B = x^ + iyb 

The act in box 676 then obtains a translator that is 

-^5 the composition of the second translator from box 674 
and the first translator from box 670. The translator from 
box 676 can then be used in the act in box 632 or in the 
acts in boxes 640 and 650 in Fig. 14. 

Fig. 16 shows how the act in box 624 could be im- 

50 plemented to obtain a translator from a first position to a 
second position that is the origin, with the children of the 
node feature nearest the center of the region of greater 
spacings oriented to right. As shown, the acts in Fig. 16 
follow either box 620 or box 622 in Fig. 14. and, in the 

55 current implementation, precede box 640 because they 
are only performed in response to a click call. The first 
position is the position of the click. 

The act in box 690 obtains a first translator from the 
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first position to the origin, and can be implemented as 
described above in relation to box 400 in Fig. 1 0. The act 
in box 692 obtains a second translator that is the com- 
position of the first translator from box 690 and the cur- 
rent translation used to obtain the displayed representa- 
tion. 

The act in box 694 applies the inverted current trans- 
formation to obtain an inverted image of the first position. 
A transformation defined by a point P and an angle of 
rotation B can be inverted by obtaining the transformation 
with the point (- PB*) and the angle of rotation B*. The act 
In box 694 also uses the inverted image of the first posi- 
tion to find the parent of the nearest node. 

The act in box 700 applies the second translator 
from box 692 to the position of the parent node from box 
694 and normalizes the result to have a magnitude of 
one to obtain a parent direction (B^. By). The act in box 
702 then obtains a third translator that rotates the layout 
space to the parent direction without moving the origin. 
The third translator can have the point (0, 0) and the di- 
rection (-0^: By). 

The act in box 704 then obtains a fourth translator 
by taking the composition of the third translator from box 
702 with the second translator from box 692. Then the 
act in box 706 obtains the translator by taking the com- 
position of the fourth translator from box 704 and the in- 
verted current translation. The translator from box 706 
can then be used in the acts in boxes 640 and 650 in Fig. 
14. 

The implementations described above operate on 
node-link data defining an organization chart, but could 
operate on node-link data defining any appropriate 
node-link structure. For example, the node-link data 
could define all web pages of a network within some lim- 
its, and could be obtained by converting the web pages 
to a tree using an appropriate pruning constraint. 

The implementations described above present a 
representation in a circular display region, but a repre- 
sentation could be presented in any other appropriately 
shaped display region, such as an ellipse: through an 
appropriate mapping from the hyperbolic plane. 

The implementations described above present rep- 
resentations of an entire node-link structure, but map- 
pings could be performed that permit fly-through naviga- 
tion by presenting partial representations of a structure. 

The implementations described above show repre- 
sentations with a single region of greater spacings. but 
representations could be presented with two or more re- 
gions of greater spacings, to focus on more node fea- 
tures. Of particular interest is a dual focus representation 
in which the points (a, 0) and (- a, 0) in the Poincare map 
become the centers of binocular-like regions of greater 
spacings. For this representation, a point z in the hyper- 
bolic plane represented by a Poincare maps to ((2(1 - a^) 
/(I - a^z^)) in the display space. 

The implementations described above show node 
features that are rectangular or circular and link features 
that are lines such as arcs or straight lines, but represen- 



tations could be presented with other types of node and 
link features. For example, greater use of display space 
may be obtained with oval or oblong node features that 
extend into otherwise unused display areas. Further- 
5 more: the region assigned to a node in a hyperbolic plane 
or other layout space could have a non-circular shape. 

The implementations described above employ a hy- 
perbolic plane, but another space with negative curva- 
ture, such as a hyperbolic n-space, could be used as the 
10 layout space. 

The implementations described above use complex 
numbers to represent positions in the hyperbolic plane, 
in part because continuous functions in complex num- 
bers are conformal mappings. Positions in the hyperbolic 
IS plane could, however, be represented with other types 
of data or coordinates. 

The implementations described above map from the 
hyperbolic plane to a unit disk and from the unit disk to 
a circular display region, but other types of mapping from 
20 a layout space to a display region could be used. For 
example, a mapping from the Poincare model to the 
Klein model could be used, although such a mapping has 
not yet been satisfactorily performed in experiments. 
In performing animation, the implementations de- 
25 scribed above use n steps, where n is a constant. The 
number of animation steps could instead be a variable 
that depends on the distance between the starting posi- 
tion and the ending position across which animated mo- 
tion is occurring. 
30 The implementation described above in relation to 
Figs. 9-16 implements the technique in Fig. 7. The in- 
vention could be implemented according to the tech- 
nique in Fig. 8. however or in other ways to provided a 
browser interface. 
35 The invention has been applied in providing an in- 
teractive browser as described in concurrently filed, 
commonly assigned application EP-A-000,000, corre- 
sponding to U.S. Patent Application No. 08/306,074, en- 
titled "Displaying Node-Link Structure with Region of 
40 Greater Spacings and Peripheral Branches". The inven- 
tion could be applied in many other ways, including var- 
ious other interactive browser applications. 

In addition uniform layout of a node-link structure in 
a space with negative curvature may be applicable to in- 
-^5 teractive voice systems, and mappings may be per- 
formed from the layout space to sound renderings. 



Claims 

50 

1 . A method comprising: 

obtaining layout data: the layout data indicat- 
ing positions in a layout space for parts of a node-link 
structure: the layout space being a space with neg- 
55 ative curvature: the node-link structure including 
nodes and links, each link relating at least two of the 
nodes: the layout data indicating positions in the lay- 
out space for a set of the nodes: the set of nodes 
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forming a branch that includes two or more levels of 
nodes including a top level and at least one lower 
level, the top level including a top level node and the 
lower levels including lower level nodes, each node 
at each lower level having a parent node at a next s 
higher level to which the node is related through one 
link: for each of a set of two or more parent nodes, 
the layout data indicating: 

a parent position in the layout space for the 
parent node: and 

child positions that lie approximately along a 
circle in the layout space for a number of lower level 
nodes that share the parent node, the parent posi- 
tion being approximately at the center of the circle: 
the number of lower level nodes being two or more: ^5 
adjacent child positions along the circle being sep- 
arated by approximately a base spacing: 

the circles having radii that, together approx- 
imate a function that increases slowly with number 
of lower level nodes such that the radii and spacings 20 
between adjacent child positions along circles are 
all approximately uniform within the branch: and 

using the layout data to present a first repre- 
sentation of the node-link structure on a display: 

receiving a signal from a user: the signal indi- 
eating a change from a first display position to a sec- 
ond display position: the first representation includ- 
ing a first feature near the first display position, the 
first feature representing a first part of the node-link 
structure: and 

in response to the signal, presenting a second 
representation of the node-link structure on the dis- 
play: the second representation including a second 
feature representing the first part of the node-link 
structure, the second feature being presented near 35 
the second display position: the second representa- 
tion being perceptible as a changed continuation of 
the first representation. 

2. The method of claim 1 in which the space with neg- -^o 
ative curvature is a discrete approximation of a 
hyperbolic plane. 

3. A method of operating a machine: the machine 
including: "'^ 

memory: 

user input circuitry for providing data indicating 
signals from a user: 
a display: 

a processor connected for accessing data so 
stored in the memory, for receiving data from the 
user input circuitry, and for providing data to cause 
presentation of images by the display: and 

layout data stored in the memory: the layout 
data indicating positions in a layout space for parts 55 
of a node-link structure: the layout space being a 
space with negative curvature: the node-link struc- 
ture including nodes and links, each link relating at 



least two of the nodes: the layout data indicating 
positions in the layout space for a set of the nodes: 
the set of nodes forming a branch that includes two 
or more levels of nodes including a top level and at 
least one lower level, the top level including a top 
level node and the lower levels including lower level 
nodes, each node at each lower level having a par- 
ent node at a next higher level to which the node is 
related through one link: for each of a set of two or 
more parent nodes, the layout data indicating: 

a parent position in the layout space for the 
parent node: and 

child positions that lie approximately along a 
circle in the layout space for a number of lower level 
nodes that share the parent node, the parent posi- 
tion being approximately at the center of the circle: 
the number of lower level nodes being two or more: 
adjacent child positions along the circle being sep- 
arated by approximately a base spacing: 

the circles having radii that, together approx- 
imate a function that increases slowly with number 
of lower level nodes such that the radii and spacings 
between adjacent child positions along circles are 
all approximately uniform within the branch: 

the method comprising: 

operating the processor to use the layout data 
to provide first representation data to the display, the 
first representation data causing the display to 
present a first representation of the node-link struc- 
ture: 

receiving a signal from a user: the signal indi- 
cating a change from a first display position to a sec- 
ond display position: the first representation includ- 
ing a first feature near the first display position, the 
first feature representing a first part of the node-link 
structure: and 

in response to the signal, operating the proc- 
essor to automatically provide second representa- 
tion data to the display, the second representation 
data causing the display to present a second repre- 
sentation of the node-link structure on the display; 
the second representation including a second fea- 
ture representing the first part of the node-link struc- 
ture, the second feature being presented near the 
second display position: the second representation 
being perceptible as a changed continuation of the 
first representation. 

4. A machine comprising: 
memory: 

user input circuitry for providing data indicating 
signals from a user: 
a display: 

a processor connected for accessing data 
stored in the memory, for receiving data from the 
user input circuitry, and for providing data to cause 
presentation of images by the display: 

layout data stored in the memory: the layout 
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data indicating positions in a layout space for parts 
of a node-link structure; the layout space being a 
space witin negative curvature: the node-link struc- 
ture including nodes and links, each link relating at 
least two of the nodes: the layout data indicating 
positions in the layout space for a set of the nodes; 
the set of nodes forming a branch that includes two 
or more levels of nodes including a top level and at 
least one lower level, the top level including a top 
level node and the lower levels including lower level 
nodes, each node at each lower level having a par- 
ent node at a next higher level to which the node is 
related through one link: for each of a set of two or 
more parent nodes, the layout data indicating: 

a parent position in the layout space for the 
parent node: and 

child positions that lie approximately along a 
circle in the layout space for a number of lower level 
nodes that share the parent node, the parent posi- 
tion being approximately at the center of the circle; 
the number of lower level nodes being two or more: 
adjacent child positions along the circle being sep- 
arated by approximately a base spacing: 

the circles having radii that, together approx- 
imate a function that increases slowly with number 
of lower level nodes such that the radii and spacings 
between adjacent child positions along circles are 
all approximately uniform within the branch: and 

program data stored in the memory: the pro- 
gram data indicating instructions the processor exe- 
cutes: the processor, in executing the instructions: 
using the layout data to provide first represen- 
tation data to the display, the first representation 
data causing the display to present a first represen- 
tation of the node-link structure; 

receiving a signal from a user: the signal indi- 
cating a change from a first display position to a sec- 
ond display position; the first representation includ- 
ing a first feature near the first, display position, the 
first feature representing a first part of the node-link 
structure: and 

in response to the signal, automatically provid- 
ing second representation data to the display, the 
second representation data causing the display to 
present a second representation of the node-link 
structure on the display: the second representation 
including a second feature representing the first part 
of the node-link structure, the second feature being 
presented near the second display position: the sec- 
ond representation being perceptible as a changed 
continuation of the first representation. 

5. An article of manufacture for use in a system that 
includes: 

memory: 

a storage medium access device: 
user input circuitry for providing data indicating 
signals from a user: 



a display; 

a processor connected for accessing data 
stored in the memory, for receiving data accessed 
on a storage medium by the storage medium access 
device, and for providing data to cause presentation 
of images by the display: and 

layout data stored In the memory; the layout 
data indicating positions in a layout space for parts 
of a node-link structure: the layout space being a 
space with negative curvature: the node-link struc- 
ture including nodes and links, each link relating at 
least two of the nodes: the layout data indicating 
positions in the layout space for a set of the nodes: 
the set of nodes forming a branch that includes two 
or more levels of nodes including a top level and at 
least one lower level, the top level including a top 
level node and the lower levels including lower level 
nodes, each node at each lower level having a par- 
ent node at a next higher level to which the node is 
related through one link; for each of a set of two or 
more parent nodes, the layout data indicating: 

a parent position in the layout space for the 
parent node; and 

child positions that lie approximately along a 
circle in the layout space for a number of lower level 
nodes that share the parent node, the parent posi- 
tion being approximately at the center of the circle: 
the number of lower level nodes being two or more: 
adjacent child positions along the circle being sep- 
arated by approximately a base spacing; 

the circles having radii that, together, approx- 
imate a function that increases slowly with number 
of lower level nodes such that the radii and spacings 
between adjacent child positions along circles are 
all approximately uniform within the branch: 
the article of manufacture comprising: 
a storage medium: and 
instruction data stored by the storage medium: 
the instruction data including data units positioned 
on the storage medium so that the storage medium 
access device can access the data units and provide 
"the data units to the processor in a sequence: the 
data units, when in the sequence, indicating instruc- 
tions the processor can execute: the processor, in 
executing the instructions: 

using the layout data to provide first represen- 
tation data to the display, the first representation 
data causing the display to present a first represen- 
tation of the node-link structure: 

receiving a signal from a user: the signal indi- 
cating a change from a first display position to a sec- 
ond display position: the first representation includ- 
ing a first feature near the first display position, the 
first feature representing a first part of the node-link 
structure: and 

in response to the signal, automatically provid- 
ing second representation data to the display, the 
second representation data causing the display to 



20 



39 



EP 0 702 330 A2 



40 



present a second representation of the node-link 
structure on the display: the second representation 
including a second feature representing the first part 
of the node-link structure, the second feature being 
presented near the second display position: the sec- 5 
ond representation being perceptible as a changed 
continuation of the first representation. 

6. A method of operating a first machine that includes; 
first mennory: 

a first connection to a network: 

a first processor connected for accessing data 
stored in the first mennory and for establishing con- 
nections with other machines over the network 
through the first connection: and 

instruction data stored in the first memory: the 
instruction data indicating instructions that can be 
executed by a second machine, the second machine 
including: 

second memory; 

a second connection to the network: 

a second processor connected for accessing 
data stored in the second memory and for establish- 
ing connections with other machines over the net- 
work through the second connection: and 

layout data stored in the memory: the layout 
data indicating positions in a layout space for parts 
of a node-link structure: the layout space being a 
space with negative curvature: the node-link struc- 
ture including nodes and links, each link relating at 30 
least two of the nodes; the layout data indicating 
positions in the layout space for a set of the nodes: 
the set of nodes forming a branch that includes two 
or more levels of nodes including a top level and at 
least one lower level, the top level including a top ^5 
level node and the lower levels including lower level 
nodes, each node at each lower level having a par- 
ent node at a next higher level to which the node is 
related through one link: for each of a set of two or 
more parent nodes, the layout data indicating: -^^ 

a parent position in the layout space for the 
parent node: and 

child positions that lie approximately along a 
circle in the layout space for a number of lower level 
nodes that share the parent node, the parent posi- -^^ 
tion being approximately at the center of the circle: 
the number of lower level nodes being two or more: 
adjacent child positions along the circle being sep- 
arated by approximately a base spacing: 

the circles having radii that, together, approx- 50 
imate a function that increases slowly with number 
of lower level nodes such that the radii and spacings 
between adjacent child positions along circles are 
all approximately uniform within the branch: 

the method comprising: 

operating the first processor to establish a con- 
nection to the second processor over the network 
through the first and second connections: and 



operating the first processor to transfer the 
instruction data over the network to the second proc- 
essor so that the second processor can store the 
instruction data in the second memory and can exe- 
cute the instructions indicated by the instruction 
data: the second processor, in executing the instruc- 
tions indicated by the instruction data: 

using the layout data to provide first represen- 
tation data to the display the first representation 
data causing the display to present a first represen- 
tation of the node-link structure: 

receiving a signal from a user: the signal indi- 
cating a change from a first display position to a sec- 
ond display position: the first representation includ- 
ing a first feature near the first display position, the 
first feature representing a first part of the node-link 
structure: and 

in response to the signal automatically provid- 
ing second representation data to the display, the 
second representation data causing the display to 
present a second representation of the node-link 
structure on the display: the second representation 
including a second feature representing the first part 
of the node-link structure, the second feature being 
presented near the second display position: the sec- 
ond representation being perceptible as a changed 
continuation of the first representation. 

7. A method of operating a machine: the machine 
including: 

memory: 

a processor connected for accessing data 
stored in the memory: and 

node-link data stored in the memory: the 
node-link data defining a node-link structure: the 
node-link structure including nodes and links, each 
link relating at least two of the nodes; 

the method comprising: 

operating the processor to use the node-link 
data to obtain layout data; the layout data indicating 
positions in a layout space for parts of a node-link 
structure: the layout space being a space with neg- 
ative curvature: the node-link structure including 
nodes and links, each link relating at least two of the 
nodes: the layout data indicating positions in the lay- 
out space for a set of the nodes: the set of nodes 
forming a branch that includes two or more levels of 
nodes including a top level and at least one lower 
level, the top level including a top level node and the 
lower levels including lower level nodes, each node 
at each lower level having a parent node at a next 
higher level to which the node is related through one 
link: for each of a set of two or more parent nodes, 
the layout data indicating: 

a parent position in the layout space for the 
parent node: and 

child positions that lie approximately along a 
circle in the layout space for a number of lower level 
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nodes that share the parent node, the parent posi- 
tion being approximately at the center of the circle: 
the number of lower level nodes being two or more: 
adjacent child positions along the circle being sep- 
arated by approximately a base spacing; 

the circles having radii that, together approx- 
imate a function that increases slowly with number 
of lower level nodes such that the radii and spacings 
between adjacent child positions along circles are 
all approximately uniform within the branch: and 

operating the processor to use the layout data 
to perform two or more different mappings: each 
mapping obtaining mapped data: the mapped data 
obtained by each mapping indicating positions for a 
subset of the set of nodes. 

8. A machine comprising: 
memory: 
a display: 

a processor connected for accessing data 
stored in the memory and for providing data to cause 
presentation of images by the display: 

node-link data stored in the memory: the 
node-link data defining a node-link structure that 
includes nodes and links, each link relating at least 
two of the nodes: and 

program data stored in the memory: the data 
program indicating instructions the processor exe- 
cutes: the processor, in executing the Instructions: 

using the node-link data to obtain layout data: 
the layout data indicating positions in a layout space 
for parts of a node-link structure: the layout space 
being a space with negative curvature: the node-link 
structure including nodes and links, each link relat- 
ing at least two of the nodes: the layout data indicat- 
ing positions in the layout space for a set of the 
nodes: the set of nodes forming a branch that 
includes two or more levels of nodes including a top 
level and at least one lower level the top level includ- 
ing a top level node and the lower levels including 
lower level nodes, each node at each lower level 
having a parent node at a next higher level to which 
the node is related through one link: for each of a 
set of two or more parent riodes, the layout data indi- 
cating: 

a parent position in the layout space for the 
parent node: and 

child positions that lie approximately along a 
circle in the layout space for a number of lower level 
nodes that share the parent node, the parent posi- 
tion being approximately at the center of the circle: 
the number of lower level nodes being two or more: 
adjacent child positions along the circle being sep- 
arated by approximately a base spacing: 

the circles having radii that, together, approx- 
imate a function that increases slowly with number 
of lower level nodes such that the radii and spacings 
between adjacent child positions along circles are 



all approximately uniform within the branch: and 

using the layout data to perform two or more 
different mappings: each mapping obtaining 
mapped data: the mapped data obtained by each 
mapping indicating positions for a subset of the set 
of nodes. 

9. An article of manufacture for use in a machine that 
includes: 

memory: 

a storage medium access device; 
a display: 

a processor connected for accessing data 
stored in the memory, for receiving data accessed 
on a storage medium by the storage medium access 
device, and for providing data to cause presentation 
of images by the display: and 

node-link data stored in the memory: the 
node-link data defining a node-link structure that 
includes nodes and links, each link relating at least 
two of the nodes: 

the article of manufacture comprising: 
a storage medium: and 
instruction data stored by the storage medium: 
the instruction data including data units positioned 
on the storage medium so that the storage medium 
access device can access the data units and provide 
the data units to the processor in a sequence: the 
data units, when in the sequence, indicating instruc- 
tions the processor can execute; the processor, in 
executing the instructions: 

using the node-link data to obtain layout data: 
the layout data indicating positions in a layout space 
for parts of a node-link structure: the layout space 
being a space with negative curvature; the node-link 
structure including nodes and links, each link relat- 
ing at least two of the nodes: the layout data indicat- 
ing positions in the layout space for a set of the 
nodes: the set of nodes forming a branch that 
includes two or more levels of nodes including a top 
level and at least one lower level, the top level includ- 
ing a top level node and the lower levels including 
lower level nodes, each node at each lower level 
having a parent node at a next higher level to which 
the node is related through one link: for each of a 
set of two or more parent nodes, the layout data indi- 
cating: 

a parent position in the layout space. for the 
parent node: and 

child positions that lie approximately along a 
circle in the layout space for a number of lower level 
nodes that share the parent node, the parent posi- 
tion being approximately at the center of the circle: 
the number of lower level nodes being two or more: 
adjacent child positions along the circle being sep- 
arated by approximately a base spacing: 

the circles having radii that, together, approx- 
imate a function that increases slowly with number 



22 



43 



EP 0 702 330 A2 



44 



of lower level nodes such that the radii and spacings 
between adjacent child positions along circles are 
all approxinnately unifornn within the branch; and 

using the layout data to perform two or more 
different mappings: each mapping obtaining s 
mapped data: the mapped data obtained by each 
mapping indicating positions for a subset of the set 
of nodes. 

1 0. A method of operating a first machine that includes: io 
first memory; 

a first connection to a network: 

a first processor connected for accessing data 
stored in the first memory and for establishing con- 
nections with other machines over the network '5 
through the first connection: and 

instruction data stored in the first memory: the 
instruction data indicating instructions that can be 
executed by a second machine, the second machine 
including: 

second memory: 

a second connection to the network: 

a second processor connected for accessing 
data stored in the second memory and for establish- 
ing connections with other machines over the net- 25 
work through the second connection: and 

node-link data stored in the second memory: 
the node-link data defining a node-link structure that 
includes nodes and links, each link relating at least 
two of the nodes: 

the method comprising: 

operating the first processor to establish a con- 
nection to the second processor over the network 
through the first and second connections; and 

operating the first processor to transfer the 55 
instruction data over the network to the second proc- 
essor so that the second processor can store the 
instruction data in the second memory and can exe- 
cute the instructions indicated by the instruction 
data: the second processor in executing the instruc- -^o 
tions indicated by the instruction data: 

using the node-link data to obtain layout data: 
the layout data indicating positions in a layout space 
for parts of a node-link structure: the layout space 
being a space with negative curvature: the node-link -^5 
structure including nodes and links, each link relat- 
ing at least two of the nodes: the layout data indicat- 
ing positions in the layout space for a set of the 
nodes: the set of nodes forming a branch that 
includes two or more levels of nodes including a top 50 
level and at least one lower leveL the top level includ- 
ing a top level node and the lower levels including 
lower level nodes, each node at each lower level 
having a parent node at a next higher level to which 
the node is related through one link: for each of a 
set of two or more parent nodes, the layout data indi- 
cating: 

a parent position in the layout space for the 



parent node: and 

child positions that lie approximately along a 
circle in the layout space for a number of lower level 
nodes that share the parent node, the parent posi- 
tion being approximately at the center of the circle; 
the number of lower level nodes being two or more: 
adjacent child positions along the circle being sep- 
arated by approximately a base spacing; 

the circles having radii that, together approx- 
imate a function that increases slowly with number 
of lower level nodes such that the radii and spacings 
between adjacent child positions along circles are 
all approximately uniform within the branch: and 

using the layout data to perform two or more 
different mappings: each mapping obtaining 
mapped data: the mapped data obtained by each 
mapping indicating positions for a subset of the set 
of nodes. 
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of a node-link structure. The layout data indicate a par- 
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a parent node= child positions approximately along a cir- 
cle in the layout space with the parent position approx- 
imately at the circle's center. Adjacent child positions are 
separated by approximately a base spacing. The radii 
of circles within the branch together approximate a func- 
tion that increases slowly with number of child nodes 
such that the radii and spacings along circles are all ap- 
proximately uniform within the branch. The layout data 
can be obtained (60) from data defining the node-link 
structure. The layout data can be used to perform map- 
pings (64), each obtaining positions for a subset of the 
nodes. The layout data can be used to present (122: 
Fig. 4) a first representation of the node-link structure on 
a display. In response to a user signal indicating (124: 
Fig. 4) a change from a first display position near a first 
feature to a second display position, a second represen- 
tation can be presented (126: Fig 4) that is perceptible 
as a changed continuation of the first. The second rep- 
resentation includes, near the second display position, 
a second feature representing the same part of the 
node-link structure as the first feature. The second rep- 
resentation can be obtained by a transformation of the 
layout space, which can be a discrete approximation of 
a hyperbolic plane. 
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